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Abstract
Between 1985 and 2006, archaeologists at Hovenweep National Monument observed a dramatic increase in
erosional loss on the west side of the Holly Tower support rock, which is a detached ledgerock of Dakota
Sandstone. This thesis investigates the deterioration mode and pattern of the monolith, attributes cause to
these observations, and proposes preventive and remedial treatments to stabilize the boulder based on
existing research and historical precedent, as well as site survey and material testing. Delamination and
excessive friability are addressed through physical and mechanical testing of a combined treatment program
using Funcosil Antihygro, an anti-swelling agent, and Remmers KSE 300 E, an elastified ethyl silicate. Slab
formation and large-scale loss are investigated for causal factors such as case hardening and frost cycling, and
research in this thesis supports additional recommendations to test injection of consolidation treatment,
pinning and grouting techniques to mitigate large-scale loss from slabbing.
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1chApter 1: introduction
“Stone is the primary building material of the earth’s crust; in its basic function it 
has appealed to man’s most primitive needs and has stimulated his artistic sense since the 
dawn of civilization.”
                            - Erhard Winkler, 19941
1.1 Holly Tower, PHysical and culTural conTexT
 Holly Tower, one of the most picturesque masonry structures at Hovenweep National 
Monument, is situated on a large detached ledge rock of Dakota Sandstone in the middle of 
Keeley Canyon in the southeast corner of Utah  (Figure 1). The site is remote, located many miles 
from any main road or town, lending to the National Monument a sense of isolation and quiet 
contemplation that has remained since before its rediscovery by non-native travelers. Hovenweep 
is a rare treasure among Ancestral Puebloan sites—the natural topography and geological features 
dictate the shape and placement of the masonry structures, and especially the towers built on and 
in the canyons. Holly Tower is one such breathtaking example, where the footprint of a massive 
two-story rockfall  is echoed completely in the two-story tower above, creating a visual effect that 
seems to suggest the masonry is growing directly out of the rock mass itself. 
Holly Tower has survived for over eight centuries due largely to its exemplary 
construction techniques and isolation, which in part can be owed to the sandstone monolith that 
inspired its construction. Now, the Holly Tower support rock is eroding at what appears to be 
an accelerated rate which threatens to compromise the integrity of the tower above. This thesis 
explores the condition of the rock and the forces that are acting upon it in an attempt to present 
solutions for mitigating further material loss and ultimately contributing to the protection and 
interpretation of this outstanding example of Ancestral Puebloan architecture.
1.2 HisTory of HovenweeP and Holly Tower
Hovenweep National Monument is located on the border between southeastern Utah 
and southwestern Colorado, about 45 miles west of Cortez, Colorado (Figure 1.2). It was created 
in 1923 under President Warren G. Harding and was one of the first archaeological sites to 
1. Winkler, E.M. Stone in Architecture. 3rd ed. Berlin: Springer-Verlag, 1994, ix.
2be protected under the Antiquities 
Act.2 The park is recognized as 
significant for its large concentration of 
freestanding masonry towers, among 
the highest in the American Southwest.3 
In spite of and perhaps because of the 
large density of archaeological sites 
in the region, modern day populations 
remain sparse, in spite of its relatively 
successful climate for farming. In 1939 
the estimated annual number of visitors 
was 168, where hand-drawn maps and 
word of mouth were the only directions 
available to the site.4
The clusters of villages that 
comprised the greater Hovenweep 
settlement are found in the Northern 
San Juan Region, one of four main 
regions that were occupied by the 
Ancestral Puebloans (formerly called 
the Anasazi) up until the Pueblo III 
period (1100 to 1300 AD). During the Pueblo III period single-family and “suburban” pueblos 
throughout the Four Corners came together to form larger social units and construct large 
multi-room and multi-story structures, such as those found at Chaco Canyon and Mesa Verde.5 
2.  Hovenweep National Monument was the 40th National Park System Area to be authorized, and the 30th 
to be authorized after the passing of the Antiquities Act in 1906. National Park Service, “National Park 
System Areas Listed in Chronological Order of Date Authorized under DOI,” 2005, web, http://www.nps.
gov/applications/budget2/documents/chronop.pdf.
3.  National Park Service, “Long Range Interpretive Plan: Hovenweep National Monument,” 2010, 11.
4.  James Brewer, “Special Report on Hovenweep National Monument,” 1939. Hovenweep National 
Monument Museum Collection. Catalog number HOVE 18721. Collection number 404. Series 001. File 
Unit 63.
5.  Arthur Rohn and William Ferguson, Puebloan Ruins of the Southwest, University of New Mexico Press: 
2006, 22.
Figure 1.1   Holly Tower and support rock, view from north, 
October, 2012.
3At Hovenweep, this larger social structuring was achieved in the form of large clusters of 
settlements grouped around springs in canyon heads.6 By the Pueblo IV period, the Hovenweep 
Puebloans left the area, following their contemporaries throughout the San Juan River Valley and 
moving south to the Rio Grande and Little Colorado Regions. This event is known as the Great 
Migration.7
The entire area of Hovenweep likely once supported a group of around twenty-five 
hundred people. Each cluster of buildings included multiple towers, multiple kivas, and at least 
one horseshoe-shaped structure, which was probably similar in function to the ceremonial great 
kivas found elsewhere within the region (Figure 1.3).8 Water was carefully controlled using a 
series of rim dams to concentrate water runoff and keep the natural springs at each canyon head 
running, helping to support the population of the region through agriculture on the mesa tops.9
6.  Ibid, 146. 
7.  Ibid, 22, 148. 
8.  Ibid, 148.
9.  Ian Thompson, The Towers of Hovenweep, Moab: Canyonlands Natural History Association, 2004, 26.
Figure 1.2 Map of Hovenweep National Monument, showing location of six ruin groups straddling the 
border between Southwest Colorado and Southeast Utah. After Rohn and Ferguson, 147.
4Figure 1.3: Reconstruction of Hovenweep Castle in the Square Tower group during Pueblo III era. Most 
buildings have collapsed, but the area once housed many people. After Rohn and Ferguson, 150.
Figure 1.4: Plan of Holly Group, with Holly Tower in the middle of Keeley Canyon. Note presence of mul-
tiple kiva depressions marked with “K.” A spring used to enter the canyon from below the reservoir dam, 
but collapsed sometime around 1920. After Rohn and Ferguson, 151.
5The largest cluster of settlements within Hovenweep was the Square Tower Group 
located in Little Ruin Canyon. This area was most likely the ceremonial center for the region, and 
could have provided water to five or six hundred people via the spring located at the head of the 
canyon.10 Each year, visitors come by the thousands to see the outstanding and resilient masonry 
walls perched precariously along the canyon edge and on various rock formations throughout 
Little Ruin Canyon. 
Holly Group is a cluster of buildings located in Keeley Canyon within the confines of 
Hovenweep National Monument, a two-mile walk from the Square Tower Group. Holly Group 
consists of four masonry towers built around a canyon head, one horseshoe-shaped ceremonial 
tower, multiple kiva depressions, and Holly Tower, a large two-story tower built on a rock 
formation in the center of the canyon (Figure 1.4). Holly Tower is constructed of hand-pecked 
sandstone masonry and mud mortar, much like its contemporaneous structures in Holly Group. 
It is unique, however, in its multiple loopholes angled to view all locations surrounding its 
perimeter. The outstanding masonry construction at Holly Tower is relatively unique across 
Hovenweep, especially as compared to Square Tower which has an inherent lack of interlocking 
bonding among its stones.11 In 1937 James Brewer declared Holly Tower as “perhaps the most 
impressive of the Hovenweep ruins.”12 
Archaeologists have suggested that these towers could have functioned as watchtowers 
to protect the area’s precious water supply due to their proximity to springs, as ceremonial towers 
due to their association with kivas, or as grain storage areas due to the amounts of plant residue 
found inside.13 However, none have found enough evidence to prove any one of these theories 
correct, and the function of Holly Tower remains unknown today.14
1.3 rediscovering HovenweeP
In 1874 survey photographer William Henry Jackson passed through the Southwest 
10.  Rohn and Ferguson, Puebloan Ruins of the Southwest, 148.
11.  Todd Rutenbeck, “Memorandum: Square Tower, Hovenweep National Monument,” 1995. Hovenweep 
National Monument Museum Collection. Catalog number HOVE 18721. Collection number 404. Series 
001. File Unit 94C.
12.  Brewer, “Special Report on Hovenweep National Monument.”
13.  Rohn and Ferguson, Puebloan Ruins of the Southwest, 149.
14.  National Park Service, “Hovenweep National Monument: History and Culture,” web, accessed 27 
February 2013. http://www.nps.gov/hove/historyculture/index.htm.
6during his explorations with the Hayden Survey.15 Best known for his photographs of 
Yellowstone which convinced Congress to declare it the first National Park in 1872, Jackson also 
photographed multiple Puebloan ruins sites, and passed through the Hovenweep valley, giving the 
area its name after conversing with local Ute Indians.16 Unfortunately, Jackson “failed to discover 
the group of remarkable towers that are now included in the Hovenweep National Monument, 
so completely do they blend into the natural features of their setting,” however his photographs of 
the masonry ruins throughout the Four Corners region were displayed at the 1876 Centennial 
Exhibition in Philadelphia, drawing the world’s attention to the Ancestral Puebloan culture for the 
first time.17 
During the fascination with Puebloan culture that took hold in the early 20th century, 
Alfred Kidder and Jesse Walter Fewkes photographed and excavated portions of the Square 
Tower group at Hovenweep and continued to encourage public interest through their publications 
(Figure 1.5). In 1923, Hovenweep became a National Monument under President Warren G. 
15.  “The Towers of Hovenweep,” 4. 
16.  National Park Service, “Hovenweep National Monument: History and Culture.”
17.  Bob Blair (editor), “William Henry Jackson’s The Pioneer Photographer,” Santa Fe: Museum of New 
Mexico Press, 2005, 151. 
Figure 1.5: Ruins at Square Tower Group, clockwise from left: Twin Towers, Rimrock House, and Eroded 
Boulder House, August 2012.
7Harding in order to legally protect the site from looting and uncontrolled visitation. The original 
Presidential Proclamation included six groups of ruins spanning both sides of the Colorado-Utah 
border: Square Tower, Holly, Hackberry, Horseshoe, Cajon, and Cutthroat.18 Since 1923, the 
boundaries have expanded to provide additional protection to the ruins, and the jurisdiction of 
the National Monument has changed. Until 1998, Hovenweep was administered by Mesa Verde 
National Park, but recent construction of a visitors’ center and ranger housing have allowed the 
park to hire its own permanent staff members. Hovenweep National Monument is now one of 
four parks that comprise the Southeast Utah Group and receives year-round managerial support 
from that unit.19 
1.4 HisTory of TreaTmenTs aT Holly Tower
By 1940, the seasonal rangers at Hovenweep National Monument observed significant 
weathering and damage to the ruins within the Monument. A tower located in Keeley Canyon 
adjacent to Holly Tower was reported 50% gone as compared with its state 22 years prior, in spite 
of its “excellent masonry,” and throughout the Monument it was reported that “each winter at 
least one wall topples over.”20 Observations were also made regarding the natural weathering of 
the sandstone foundations underneath the towers:
The sandstone ledges on which the buildings were constructed are suffering 
rapid erosion. There is a hard patina over most of the exposed sandstone. This varies in 
thickness from a half inch to an inch. I suppose that normal surface erosion of this patina 
progresses no faster than a gradual extension of the hard layer into the sandstone […] At 
Square Tower in particular, and at several other sites, this patina is flaking off the sand-
stone, leaving the softer rock exposed. There are several instances where this action is 
weakening the foundations of the buildings to a great extent.21
A campaign was initiated to stabilize the prioritized structures within the park in order to 
prevent further loss, and emergency stabilization work began in 1941. Holly Tower was noted to 
be missing a large portion of masonry on the eastern wall, where no door was ever present, and 
18.  William M. Ferguson, The Anasazi of Mesa Verde and the Four Corners, Niwot: University Press of 
Colorado, 1996.
19.  “Long Range Interpretive Plan,” 2010. 
20.  Roland Richert, “Report on Ruins Stabilization Needed at Hovenweep National Monument with 
Suggested Recommendations,” 1940. Hovenweep National Monument Museum Collection. Catalog 
number HOVE 18721. Collection number 404. Series 001. File Unit 64.; Charlie R. Steen, “Report on 
Stabilization of Ruins,” 1941. Hovenweep National Monument Museum Collection. Catalog number 
HOVE 18721. Collection number 404. Series 001. File Unit 61.
21.  Steen, “Report on Stabilization of Ruins.”
8the masonry above the doorway on the northern wall had collapsed (Figure 1.6). These losses 
were filled in with temporary timber bracing in 1941, and the steeply angled footing along the 
perimeter of the tower was shored with pine braces in fear that it would give way and the tower 
would collapse.22 
In 1948 the temporary braces were removed and Holly Tower was permanently stabilized 
using cement, steel, and the native sandstone. Pigmented cement mortar was used to grout, 
seat loose stones, and fill in areas of excessive mortar loss. A steel rod was used to reinforce 
the broken lintel on the interior doorway of the tower, the lintel on the northern doorway was 
replaced, and the large areas of loss were filled in with masonry. The tower footing on the eastern 
side was removed and rebuilt, and the “ancient pole” in this area was tied back into place with 
steel. Throughout this stabilization campaign, the tower was accessed by wooden ladders propped 
up onto the rock, with ropes tied around the entire tower for security of the Navajo workers. Upon 
completion of this campaign, the ruins throughout the park were considered “at maintenance 
22.  Ibid.
Figure 1.6 Holly Tower, northeast corner, Alfred Kidder, 1907 (left), October 2012 (right). Note repair of 
loss over doorway and on east side, and infill of mortar joints.
9level” and were not touched again until 1963.23 
The 1963 stabilization work throughout Hovenweep National Monument was more 
intensive, as water was observed to be infiltrating masonry walls from the tops and causing 
separation of the inner veneer from the outer, with the most dramatic changes occurring during 
the wettest winters. In many cases, such as at Holly Tower, the tops of the masonry walls were 
waterproofed using “brush-type plastic cement” designed for industrial roof installation. This 
product was applied over plastic screening after removing the first few courses of stone, and then 
the top courses were replaced and reset in concrete. The entire assembly was treated with a rain 
seal to prevent water from entering the rubble cores of the walls.24 In 1986, another park-wide 
stabilization effort resulted in a heavy repointing of Holly Tower on its bottommost courses (90-
100% of the lower 3 to 8 courses) using a more compatible stabilized earthen mortar than had 
been used in previous treatments.25 
In 1998 it was determined that there was no discernible way to identify any original 
mortar because of the multiple repointing and repair episodes in the structure’s history. In that 
year the most recent stabilization campaign was completed of Holly Tower, where approximately 
25% of all wall joints were repointed and studded with chinking stones, and approximately 95% 
of all previously repointed areas were filled again with soil mortars. The soil mortar used for 
this campaign was color-matched to the masonry and mixed with Rhoplex E-330 to improve its 
resistance to weathering.26
During the 1990’s the Holly Tower support rock was inspected for signs of deterioration 
by Dr. Mary Griffitts, who suggested that the vertical orientation of the monolith could be 
contributing to the separation of bedding layers where thin, silty layers are weathering out 
and creating V-shaped depressions. Griffitts did not observe any case hardening effects.27 No 
23.  Don Watson, “Project Completion Report on Stabilization of Ruins,” 1948. Hovenweep National 
Monument Museum Collection. Catalog number HOVE 18721. Collection number 404. Series 001. File 
Unit 68.
24.  James A. Lancaster and David Decker, “Narrative Report: Repair and Stabilization of Ruins, 
Hovenweep National Monument,” 1963. Hovenweep National Monument Museum Collection. Catalog 
number HOVE 18721. Collection number 404. Series 001. File Unit 55.
25.  Nickens and Associates, “Structure Stabilization Data Sheet,” 1986. Hovenweep National Monument 
Museum Collection. Catalog number HOVE 18721. Collection number 404. Series 001. File Unit 15.
26.  Kathleen Fiero, “Stabilization of the Square Tower, 1992-2002,” 2002. Hovenweep National Monument 
Museum Collection. Catalog number HOVE 18721. Collection number 404. Series 001. File Unit 287.
27.  Mary L. Griffitts, “Preliminary Report on Rock Problems at Hovenweep National Monument,” 1991. 
Hovenweep National Monument Museum Collection. Catalog number HOVE 18721. Collection number 
404. Series 001. File Unit 94C.
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treatments were proposed or implemented at the time because all efforts were focused on the 
problems occurring at Square Tower. The issue of the monolith’s deterioration risks was not 
addressed again until January of 2007, when a proposal was submitted for a condition assessment 
and treatment plan. 
1.5 HisTory of TreaTmenTs aT square Tower
In examining the deterioration problems present at Holly Tower, it is useful to review the 
stabilization research at Square Tower, a similar structure with a much more complicated history. 
Square Tower sits on the bottom of the canyon head at Little Ruin Canyon, and like Holly Tower 
it is perched on a large monolith (Figure 1.7). The Square Tower support rock was worrisome 
to park archaeologists from the beginning: in 1941 it was observed that water from the nearby 
spring was wetting the rock and evaporating out of the southern rock face, creating a small alcove 
Figure 1.7 Square Tower, Roland Richert, 1940, SEUG archives.
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three feet in depth directly below the tower. In a 1960 campaign led by James “Al” Lancaster and 
David “Al” Decker, holes between 12” and 18” were drilled into the rock within the overhanging 
section and five ¾” metal rods were inserted in cement for support (Figure 1.8). The cavity was 
then filled with concrete behind a coursed masonry wall in an attempt to make the stabilization 
campaign more visually appealing.28
In 1987, the portion of the support rock directly above the stabilization wall was observed 
to be eroding at a noticeable rate, with a secondary deposit of calcium carbonate on the surface 
indicating dissolution of either the stone matrix or the concrete repair material.29 Case hardening 
was observed on stable surfaces, and it was suggested that the deterioration of the unstable 
surfaces was caused by this process.30 Concerns were expressed that the previous repair wall 
may be hiding continuing deterioration of the stone behind it and exacerbating the water and 
salt content of the stone. In 1992 a research team was assembled to investigate this deterioration 
28.  Susan Eininger and Stephanie J. Matlock, “Ruins Stabilization Report,” 1987. Hovenweep National 
Monument Museum Collection. Catalog number HOVE 18721. Collection number 404. Series 001. File 
Unit 84.
29.  Noreen Fritz, “2010 Preservation Maintenance of Square Tower,” National Park Service: Southeast 
Utah Group, 2012. 
30.  Mary Griffitts and Kathy Fiero, “Conservare OH Experiments and the Geology of Square Tower,” in 
“2010 Preservation Maintenance of Square Tower,” Noreen Fritz, National Park Service, Southeast Utah 
Group, 2012: 47. 
Figure 1.8    Square Tower support rock during stabilization, 1960 Al Lancaster, 
SEUG archives.
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phenomenon, and throughout the 1990’s various condition surveys were conducted of the support 
rock, consolidation products were tested on a similar rock in Little Ruin Canyon, and eventually 
Wacker Conservare® OH Stone Strengthener (PROSOCO) was applied to all unstable areas of 
the monolith.31 During this time the support wall was repointed, cavities in the rock were grouted, 
and the friable surfaces of the rock were poulticed to remove potentially damaging salts.32 The 
test rock was cored and petrographically studied after one month and again after two years to 
assess the efficacy of the treatment.33
Throughout the investigation of the deterioration of the Square Tower support rock, 
studies were conducted on the environmental context of the rock in order to understand the 
potential causes of the deterioration patterns and create a preventive treatment plan. A hydrologic 
investigation noted that groundwater was present less than one meter below ground level, 
suggesting that there may be upward groundwater flow into the base of the rock. The soil tested 
high for calcium carbonates and sulfates, and soil salinity was found to be highest in the summer 
because groundwater evaporation carried salts to the surface.34 Water falling on the rock from 
above was also of concern because it was thought that the tower’s masonry walls would prevent 
proper drainage, and two small tubes were installed prior to 1995 to prevent water accumulation 
within the tower footprint. Gabions were installed in the arroyo surrounding the tower in an 
attempt to divert minor water runoff. It was concluded that any further attempts to control water 
movement in the arroyo, such as installing subsurface barriers or serious re-grading of the 
topography would have little guarantee of success due to the narrow shape of the canyon.35 
Throughout the 1990’s a more concerted effort was given to reduce vegetation in 
the area directly surrounding the monolith, and consistent monitoring was set up to record 
ground temperature and ground water level throughout the seasons. Ceramic and stainless steel 
31.  Anne Oliver, “Square Tower Boulder and Support Wall Conditions Survey,” 1995. Hovenweep National 
Monument Museum Collection. Catalog number HOVE 18721. Collection number 404. Series 001. File 
Unit 94A.; Fiero, “Stabilization of the Square Tower, 1992-2002.” 
32. Fiero, “Stabilization of the Square Tower, 1992-2002.”
33.  Kathleen Fiero, “Ruins Stabilization of the Square Tower Ruins Group,” 1992. Hovenweep National 
Monument Museum Collection. Catalog number HOVE 18721. Collection number 404. Series 001. File 
Unit 253.; Fiero, “Stabilization of the Square Tower, 1992-2002.”
34.  Doug Oliver and Jelle Beekman, “Hydrologic Investigation at Square Tower,” 1999. Hovenweep 
National Monument Museum Collection. Catalog number HOVE 18721. Collection number 404. Series 
001. File Unit 94C.
35.  Rutenbeck, “Memorandum.”
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monitoring pins were inserted to provide a gauge of surface erosion on the rock.36  Additionally, 
due to the concern that the tower was twisted in shape and at risk of movement or collapse, 
targets were installed on the upper points of the tower to monitor its movement to the accuracy 
of approximately 1mm using a total station survey.37 In this way, the National Park Service 
attempted to set up a long-term plan to monitor the rate of decay of the rock and the movement 
of the tower, and to collect enough data to be able to make correlations between deterioration and 
environmental patterns. This monitoring plan concluded that erosion was occurring due to water 
runoff through the canyon, and that diverting the water towards the western edge of the canyon 
would sufficiently protect the rock from further decay.38 
The actions taken at Square Tower and the information collected during the 1990’s 
have aided in constructing a methodology for the investigations at Holly Tower. The apparent 
success of the consolidation treatments using Conservare® OH 100 promise future successes 
with consolidation studies on the local sandstone, which is the focus of this thesis. The 
hydrological investigations and preventive measures taken at Little Ruin Canyon have helped 
guide the contextual investigations of Keeley Canyon, such as evaluation of the risks present and 
recommendations for preventive maintenance. 
1.6 meTHodology
This project was designed and conducted in three phases. Archival research has helped 
to provide an understanding of site history and past study and treatment of the tower, and current 
research into rock mechanics and methods of stabilizing natural rock formations and conserving 
architectural stone have informed treatment considerations. Field work was conducted to survey 
and analyze the condition of the support rock and its immediate environmental context, and 
during this phase samples were collected to inform further laboratory-based research. The final 
phase has involved petrographic examination and analysis of decay mechanisms as well as 
evaluation of consolidation as a remedial treatment.
36.  Angelyn Rivera and Mary Slater, “1999 Monitoring and Maintenance Report for Square Tower,” 1999. 
Hovenweep National Monument Museum Collection. Catalog number HOVE 18721. Collection number 
404. Series 001. File Unit 94C.
37.  Rutenbeck, “Memorandum.”
38.  Gannett Fleming Engineers and Architects, “Geologic Site Assessment, Square Tower Unit, 
Hovenweep National Monument,” GF project number 36541.092, Mesa Verde National Park, National Park 
Service, United States Department of Interior, 2001, 7.
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During the archival research phase all available visual and written information was 
collected on the status of the tower, landscape and past interventions including repair of the 
structure, which has a century-long history of conservation. This information was collected 
from the Hovenweep National Monument Museum Collection in Moab, Utah, and these sources 
provided invaluable information on the hydrology of the area, the geological characteristics of the 
local sandstone, the techniques used by the Park Service on Holly Tower and other structures, and 
the personnel involved. In consulting historical records the author additionally reviewed similar 
studies conducted at Square Tower, a structure at Hovenweep that shares many characteristics 
with Holly Tower. The support rock underneath Square Tower underwent similar erosional 
problems, and became a priority for consolidation due to its historic significance and unique 
conservation history. The investigation and subsequent treatment of the rock with an ethyl silicate 
consolidant in the 1990’s is a useful precedent for this study which helped guide the treatments 
for Holly Tower. 
Field work for this thesis began in late October of 2012 when a small team from the 
University of Pennsylvania took photographic comparisons of historic images which were used 
to measure changes in conditions of the support rock and its environment over time. The team 
also conducted a condition survey to map out inherent geological characteristics of the rock such 
as bedding patterns, joints, and other fabric-related features, as well as deterioration modes of 
the stone such as friability, contour scaling, slabbing, detachment, and total loss. By creating a 
comprehensive representation of the relationships between the natural intrinsic characteristics 
of the stone and the physical conditions that are present, this thesis attempts to analyze how and 
where deterioration is occurring and possibly at what rate. This diagnosis will provide a guide 
for treatment considerations and specifically the use of consolidation as a means of arresting 
friability. 
The team also investigated the environmental surroundings of Holly Tower, including 
vegetation and hydrological patterns in the surrounding canyon, wind patterns, and other 
environmental data. With the help of topographical data collected from the National Park Service 
records and two perpendicular sections shot through the canyon, the author was able to study and 
correlate these conditions more closely. Of particular note were anthropological features in the 
15
canyon, such as check dams surrounding the rim which may be trapping water in certain areas 
and causing the localized degradation of the monolith. By synthesizing weather patterns through 
the seasons and through the years this thesis addresses how climate may also be affecting the 
decay phenomenon. 
The final phase of research was to investigate potential methods of stabilization to aid 
in improving currently friable stone and also prevent further rock loss and degradation. This 
included laboratory testing of ethyl silicate consolidants to strengthen the stone using samples 
that were collected from rock fall at the base of the monolith. Tests were conducted to measure 
changes in critical properties, and are outlined in Table 5.1: Testing Matrix. Products tested 
included an elastified alkoxysilane known as Remmers KSE 300 E which reduces swelling 
capacities in clay-rich stone,39 as well as a second Remmers product, Funcosil®  Antihygro, 
which is also used to reduce swelling. Testing for these products was conducted at the 
Architectural Conservation Laboratory at the University of Pennsylvania, and included testing for 
strength, hardness, water absorption and desorption, water vapor permeability and porosity, color 
change, and durability in the form of resistance to freeze thaw and wet-dry cycling. 
Ethyl Silicates are ideal for sandstone consolidation because of the chemical 
compatibility of the substrate and consolidant and because of the porous nature of the stone. 
The product is applied to the surface as a low viscosity liquid and penetrates the pores of the 
stone, surrounding each loose grain and converting into stable, inorganic silica that will readhere 
detached grains with little visual discoloration.40 However, ethyl silicates have some limitations 
to consider. Poor selection can cause a negative reaction with the accessory clay minerals in some 
stones and can be quite destructive, making sample testing prior to application on the monument 
crucial. Additionally, ethyl silicates cannot be used to bridge gaps larger than 50 microns which 
will also be needed in certain areas of the Holly Tower support rock.41 In these cases micro- and 
macro-grouting and solid pinning may be necessary to keep delaminations from detaching from 
the rock, therefore these methods were investigated as potential stabilization treatments for the 
39.  Remmers UK, Technical information sheet. “KSE 300 E.”
40.  Mary L. Griffitts, Preliminary Report on Rock Problems at Hovenweep National Monument, 1991. 
Hovenweep National Monument Museum Collection, catalog number HOVE 18721, collection number 
404, Series 001, file unit 94C. 
41.  George Wheeler, Alkoxysilanes and the Consolidation of Stone. Los Angeles: Getty Publications, 2005, 
47.
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rock as well, and recommendations for future in situ testing are outlined in this thesis as part of a 
larger comprehensive treatment program. 
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chApter 2: literAture review
“When we consider the conservation of historic or prehistoric resources which 
have been literally hewn from the living rock, have been applied to rock surfaces or have 
been added to existing caves and other rock formations 
we enter a world of some confusion.” 
     - Martin E. Weaver, 19931
2.1 geoTecHnical sTudies of sandsTone
Stone that is shaped and transported from its original site of deposition to be used for 
building construction behaves differently from living rock, or stone that is left in its natural 
environment. Monoliths and large outcroppings of bedrock are often used for foundational 
purposes, and they are often affected by processes to a much larger degree than building stone, 
because they are never allowed to dry. Living rock still contains much of its “quarry sap,” 
or moisture which is a major element of its composition. With no moisture barriers in effect, 
living rock experiences a much more dynamic range of hygroscopic change from shrinking and 
swelling, especially if the rock is clay-rich.2 
Treatment of natural rock is not as well documented or as well studied as stones used 
in building construction, but there can be useful parallels drawn between the two. Building 
sandstones, for example, can be useful equivalents for natural sandstone because their periods 
of exposure are often well-known, and their weathering patterns are similar to those observed in 
the natural environment.3  However, it is difficult to draw parallels in the other direction, because 
often exposure time is not directly known for any particular stone face in its natural environment: 
these events occur over thousands or millions of years and cannot be pinpointed easily.  
Several techniques are available to quantify and slow the processes of decay in living 
rock. Photographic comparisons are integral to understanding loss over time for a particular 
monolithic unit, but even photographs can be subjective and must be considered with some 
1. Martin E. Weaver, “Reviewing Structural Conservation Measures for Heritage Resources in Rock,” 
Chapter 16 in The Safeguard of Rock-hewn Churches of the Göreme Valley: Proceedings of an 
International Seminar, Ürgüp, Cappadocia, Turkey, 1993, 151.
2.  Enno Steindlberger, “Volcanic tuffs from Hesse (Germany) and their weathering behavior,” in 
Environmental Geology (2004) 46: 3-4, 378-390.
3.  Patricia A. Warke and Bernard J. Smith, “Salt Distribution in Clay-Rich Weathered Sandstone,” Earth 
Surface Processes and Landforms, 2000 (25): 1333-4; Janet S. Wright, “Geomorphology and Stone 
Conservation: Sandstone Decay in Stoke-on-Trent.” Structural Survey, 2002, 20:2: 51.  
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objectivity.4 Consolidation methods and pinning are available for slowing erosional loss and 
aiding in the reattachment of incipient large-scale loss, and current research regarding these 
methods will be discussed in some detail below.
2.1.1 geological formations and properties of dakota sandstone
Dakota sandstone is generally categorized as locally conglomeratic sandstone that is 
anywhere from very fine to coarse grained. Its lithographic traits vary markedly across the San 
Juan Basin—where more carbonaceous shale is present the sandstone is finer grained, and where 
the area is comprised of other clastic rocks the texture is coarser.5 Morrison and Mancos shale 
are comprised mainly of bentonite clays from volcanic ash deposits, and these clays have the 
ability to take in large quantities of water and to drastically change in volume as their moisture 
content fluctuates. These clays are present in some outcroppings of Dakota sandstone depending 
on proximity of the sandstone units to Morrison and Mancos shale.6 It has often been observed 
that Dakota sandstone displays marine characteristics such as current ripple marks and relatively 
even bedding, evidence of the quiet waters that once filled the Cretaceous trough bisecting North 
America.7 Little has been studied regarding the Mesozoic strata at Hovenweep in particular, and 
the National Park service recommends an evaluation of the geometry of the tectonic formations 
that occurred in the area.8 For more information on the formation processes and characteristics of 
Dakota Sandstone, see Chapter 3 of this report.
2.1.2 weathering
Sandstone is a highly variable building material that is found throughout Ancestral 
Puebloan sites of the Southwest due to its prevalence in the area, its easy quarrying by bedding 
separation, and its friable nature which makes it very easy to carve and shape by hand.9 Because 
of these desirable qualities as ancient building material, sandstone is also highly susceptible to 
4.  C.A. Price, Stone Conservation: An Overview of Current Research, Santa Monica: The Paul J. Getty 
Trust, 1996, 16.
5.  Carle H. Dane, “The Dakota Sandstone and Mancos Shale of the Eastern Side of San Juan Basin, New 
Mexico,” New Mexico Geological Society Guidebook: Eleventh Field Conference, Rio Chama Country: 
1960, 63.
6.  Geologic Resource Evaluation Report, Hovenweep National Monument. Washington, DC: National Park 
Service, U.S. Department of Interior, 2004, 7.
7.  J.E. Fassett, “Cretaceous and Tertiary Rocks of the San Juan basin, New Mexico and Colorado,” US 
Geological Survey. New Mexico Geological Society Guidebook, 25th Field Conference, 1974: 226.
8.  Geologic Resource Evaluation Report, 2004, 8.
9.  El Morro National Monument Cultural Landscape Report, Architectural Conservation Laboratory, 
University of Pennsylvania, 2012, Chapter 2 page 8.
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failure. Sedimentary formations such as sandstone are deposited in horizontal layers that are 
often later interrupted by seismic events, causing variability in bedding patterns and differential 
settlement within planes. These irregular planes can create weaknesses in otherwise strong, 
conglomeratic stone, and this is what causes sandstone to fail as weathering affects the softer 
layers at a faster rate.10 The angles of bedding planes can also affect the compressive strength 
of sandstone, with brittle “splitting” common in angles between 0º and 30º, and shearing along 
bedding planes common in stones with shallower angles.11 Sandstone is often found to contain 
large quantities of clays that are concentrated in the cementing material, often differentially 
distributed throughout the stone. In these types of stones, water content can actively decrease the 
strength of the stone by causing scaling due to repeated humidification.12 
Because of the high porosity of sedimentary stone such as sandstone, groundwater and 
rainwater are able to enter in amplified amounts via capillary action and surface infiltration, 
respectively. Soluble salts dissolved in this liquid are able to travel through the porous bodies 
of stone, and as the water evaporates they are deposited as crystallized substances within the 
pores of the stone.13 This phenomenon is most common in arid environments where the rate 
of evaporation is equal to the rate at which the solution is brought to the surface, causing salt 
to collect directly below the surface of the stone and crystallize there.14 As salt crystals build 
up beneath the surface they impart pressure on the pores in which they are deposited, causing 
subsurface cracking which is not readily apparent to the visual observer and which will result 
in instantaneous and unpredictable failure.15 This phenomenon is also exacerbated by frost 
action and natural geological joint separation which is inherent to sandstone.16 This process is 
known as macrogelivation, where frost action affects the areas in between geological joints and 
10.  E.M. Winkler, Stone in Architecture, 3rd ed. Berlin: Springer-Verlag, 1994.
11.  P.L.P. Wasantha, P.G. Ranjith, D.R. Viete, A. Haque, J. Kodikara and A. Bouazza, “The influence 
of bedding angle on failure mechanisms in sandstone,” In Harmonising Rock Engineering and the 
Environment, ed. Qian & Zhou. London: Taylor & Francis Group 2012: 209. 
12.  Enno Steindlberger, “Volcanic tuffs from Hesse (Germany) and their weathering behavior,” in 
Environmental Geology (2004) 46: 3-4, 378-390.
13.  A. Elena Charola, “Salts in the Deterioration of Porous Materials: An Overview.” Journal of the 
American Institute for Conservation, 2000 (39): 327-343.
14.  S.Z. Lewin, “The mechanism of masonry decay through crystallization,” In Conservation of Historic 
Stone Buildings and Monuments, Washington, D.C.: National Academy Press, 1982: 122.
15.  B.J. Smith and J.P. McGreevy, “Contour Scaling of a Sandstone by Salt Weathering under Simulated 
Hot Desert Conditions.” Earth Surface Processes and Landforms, 1988 (13): 701.
16.  Wright, “Geomorphology and Stone Conservation,” 54.
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macrocracks causing large scale weathering.17
2.1.2.1 Case Hardening
Case hardening, also defined as frame weathering (Winkler), surface induration 
(Winkler), and Rahmenverwitterung (Kieslinger) has been defined by various scholars as the 
“formation of a hard, resilient crust on the surfaces of boulders and outcrops of soft, porous rock 
through the filling of voids with natural cement,” creating “a differential resistance to detachment 
where indurated surfaces erode more slowly than unprotected rock.”18 It has been found to play 
a major role in the shaping of sandstone formations such as alcoves, tafoni and other cavities.19 
This process occurs through gradual dissolution of the cementing matrix within the stone 
through natural weathering and subsequent re-deposition of this material to the outer surfaces, 
and it is exacerbated by high water content in stone and high evaporative rates.20 Coupled with 
internal moisture regimes, this phenomenon can cause internal moisture build-up and subsequent 
weakening of the underlying rock.21 It is most common in desert sandstones due to the high 
evaporation rates, and according to Winkler the formation process can take as little as twenty five 
years in desert environments.22 
Causes of case hardening are infinite, supporting the geological concept of equifinality.23 
Geologists have detected a variety of components in sandstone case hardening including clay 
minerals, calcite, iron, manganese, aluminum and magnesium (Viles and Goudie), and silicate 
and quartz minerals (Mol and Viles).24 Clay minerals are most often found to be involved, where 
17.  N. Matsuoka, “Microgelivation versus macrogelivation: towards bridging the gap between laboratory 
and field frost weathering,” Permafrost and Periglacial Processes, 12 (2001): 299–313.
18.  Erhard M. Winkler, Stone in Architecture, 3rd ed. Berlin: Springer-Verlag, 1994, 129; A. Kieslinger, 
“Rahmenverwitterung,” Geologie und Bauwesen, 1959 (24:3-4), 171-186; AS Goudie, “Case hardening,” 
in The Dictionary of Physical Geography, edited by DSG Thomas and AS Goudie, Blackwell: Oxford, 
2000, 73; Ronald I. Dorn, Jacob Dorn, Emma Harrison, Eyssa Gutbrod, Stephen Gibson, Philip Larson, 
Niccole Cerveny, Nicholas Lopat, Kaelin M. Groom, and Casey D. Allen, “Case Hardening Vignettes from 
the Western USA: Convergence of Form as a Result of Divergent Hardening Processes,” Association of 
Pacific Coast Geographers, APCG Yearbook, Volume 74, 2012, 54.
19.  Heather A. Viles and Andrew S. Goudie, “Biofilms and Case Hardening on Sandstones from Al-
Quwayra, Jordan,” Earth Surface Processes and Landforms, 29 (2004): 1474.
20.  Winkler, Stone in Architecture, 129-130.
21.  Lisa Mol and Heather A. Viles, “The Role of Rock Surface Hardness and Internal Moisture in Tafoni 
Development in Sandstone,” Earth Surface Processes and Landforms, 37 (2012), 312; AV Turkington and 
JD Phillips, “Cavernous weathering, dynamical instability and self-organization,” Earth Surface Processes 
and Landforms, 29 (2004): 665–675.
22.  Winkler, Stone in Architecture, 129.
23.  Ronald I. Dorn, et al., “Case Hardening Vignettes from the Western USA,” 56.
24.  Viles and Goudie, “Biofilms and Case Hardening on Sandstones from Al-Quwayra, Jordan, 1484; 
Mol and Viles, “The Role of Rock Surface Hardness and Internal Moisture in Tafoni Development in 
Sandstone,” 311.
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the presence of manganese and iron hydroxides facilitates the cementation of clay particles to the 
outer sandstone surfaces.25 
2.2 conservaTion
Archaeological sites are of utmost importance to the shrinking pool of cultural resources 
in the United States due first and foremost to their cultural significance. This can be expressed 
through immaterial attributes such as social and historical values, but often is also expressed 
through material values such as scientific information and aesthetic values.26 Holly Tower, for 
example, upon collapse would no longer yield the same degree of aesthetic or scientific value 
as it would no longer be the “most impressive of the Hovenweep Ruins,” nor would it be able 
to tell us much about the building technologies of the Ancestral Puebloans.27 From the overall 
placement and volume and form of the tower to the individual shaping of the stone blocks, the 
original architecture is invaluable to present pueblo peoples, scholars, historians and tourists, and 
these values must be preserved. The conservation of archaeological sites must take into account 
each of the values present at a site in order to most effectively preserve its resources for future 
generations, considering all stakeholders and affiliates in the decision making process.28 
Conservation can be defined as “the preservation of knowledge through form and 
material.”29 Because it focuses on physical systems, conservation results in many treatments 
that are irreversible. Therefore it is necessary to consider treatment plans carefully before 
implementing them in order to avoid loss of information or original fabric. A comprehensive 
conservation plan will take into account current condition, history of treatment, risks of 
deterioration in the future, and interventions that can be implemented to ameliorate the former 
concerns. Perhaps the most overlooked of these topics is risk. 
2.2.1 risk Assessment protocol for anthropogenic landscapes and features
In investigating the condition of a cultural heritage resource, it is important to think 
25.  Viles and Goudie, “Biofilms and Case Hardening on Sandstones from Al-Quwayra, Jordan, 1473.
26.  Sharon Sullivan, “A Planning Model for the Management of Archaeological Sites,” in The 
Conservation of Archaeological Sites in the Mediterranean Region, edited by Marta de la Torre, Getty 
Conservation Institute, 1995, 16.
27.  Brewer, “Special Report on Hovenweep National Monument,”
28.  Frank Matero, Kecia L. Fong, Elisa Del Bono, Mark Goodman, Evan Kopelson, Lorraine McVey, 
Jessica Sloop, Catherine Turton, “Archaeological site conservation and management: An appraisal of recent 
trends,” in Conservation and Management of Archaeological Sites, 2:3, 1998, 130.
29.  Ibid, 136.
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beyond immediate treatment concerns and consider “the long now,” or the long term future of 
the resource.30 By expanding conservation goals to cover the long term, stewards can expand the 
lifetime of a resource’s treatments and develop plans to catch problems early, before they become 
too expensive or destructive to repair. The concept of a preservation plan has become popularized 
as one way of thinking long-term by outlining the optimal strategies for conservation, restoration, 
interpretation or use for stewards of cultural heritage to keep in mind as resources become 
available. Risk assessments take a more physical approach by assessing the most threatening 
environmental circumstances for each particular resource, the probability that those circumstances 
will occur, and preventive or remedial actions that can be taken if preliminary warning signs are 
detected. Often risk magnitude is calculated as a function of rate or likelihood, and the loss of 
value that the event or process is likely to cause.31
Anthropogenically modified sites such as Hovenweep National Monument often pose 
problems for conservation by virtue of the many groups that claim them. Associated professionals 
such as archaeologists see these sites as contextual artifacts with varying interpretations of 
integrity (form or fabric) while natural resource specialists such as geologists and ecologists view 
the environment as necessarily dynamic and avoid interventions that might change or affect flora 
and fauna. Native American tribes are often uneasy about heavy-handed or unnatural stabilization 
work being undertaken at such fragile, spiritual and natural places. In response risk assessments 
are often performed in conjunction with condition surveys in order to make preventive 
conservation a more rational process. The two processes are often complementary.32 
While the main purpose of a condition survey is to record threatening conditions in order 
to guide a treatment plan, risk assessments will take the process a step further by reading the 
patterns of the conditions present in order to determine overall causational factors and to attempt 
to understand what can be done to remove these factors. There exist certain measures that can be 
taken to prevent deterioration by mechanisms such as wild land fire, flood and other moisture-
related issues, and even visitation, therefore a risk assessment can outline proper protocol 
30.  Stewart Brand, The Clock of the Long Now: Time and Responsibility. New York, NY: Basic Books, 
1999.
31.  Agnes Brokerhof, Veerle Meul, Stefan Michalski, Jose Luiz Pedersoli Junior, “Advancing Research in 
Risk Management Applications to Cultural Property,” in ICCROM Newsletter 33, June 2007, 10. 
32.  Joel Taylor, “An Integrated Approach to Risk Assessments and Condition Surveys,” in Journal of the 
American Institute for Conservation, 44:2, 2005, 135.
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for undertaking these measures should the need arise. It can be critical to be in possession 
of a document outlining these procedures to eliminate another kind of risk: that of the hasty, 
unplanned decision.33
In 2011 the University of Pennsylvania and the Colorado Plateau Cooperative Ecosystem 
Studies Unit developed a rapid risk assessment protocol to be used at Grand Canyon National 
Park on Native American wooden structures. In order to be efficient with time and resources, 
this protocol was designed to prioritize actions needed to mitigate risk at the 165 recorded 
structures throughout the park.34 The Native American tribes affiliated with these structures 
had expressed their wishes that the structures remain undisturbed to weather naturally in their 
surrounding environment, and the protocol developed in this study met these criteria.35 The 
team identified environmental risks such as wild land fires, vandalism, and ground moisture that 
could be mitigated using indirect means such as vegetation control and topography alteration.36 
Repeatability of the risk assessment protocol was ensured by standardized documentation and 
photography of all risks detected, with the understanding that the assessment will most benefit the 
structures after repeated use over time.37
2.2.2 precedents: treatment of natural features at archaeological sites
Since the beginning of archaeological excavation in the American Southwest, efforts 
have been made to stabilize and preserve architectural remains for the benefit of scholarship and 
posterity. This was generally done by physically altering the structures and occasionally the site 
environment by means such as stabilization, construction of shelters, and backfilling.38 At the 
turn of the 20th century archaeologists began a coordinated movement of stabilization throughout 
the Southwest to prepare sites for public viewing, led by Jesse Walter Fewkes at Mesa Verde and 
Cosmos Mindeleff at Casa Grande Ruins.39 This stabilization was limited to architectural features 
33.  Sullivan, “A Planning Model,” 16.
34.  Michael Shoriak and Nels Youngborg, “Native American Wooden Structures,” unpublished draft report, 
Architectural Conservation Laboratory, University of Pennsylvania, 2012, 10.
35.  Ibid, 20.
36.  Ibid, 23.
37.  Ibid, 27, 29.
38.  Matero, et al., “Archaeological Site Conservation and Management,” 131; “Athens Charter for the 
restoration of Historic Monuments,” First International Congress of Architects and Technicians of Historic 
Monuments, Athens, 1931. 
39.  Frank Matero, “Making Archaeological Sites: Conservation as Interpretation of an Excavated Past,” in 
Of the Past, For the Future: Integrating Archaeology and Conservation, edited by Neville Agnew and Janet 
Bridgland, The Getty Conservation Institute, 2006, 60.
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in order to brace the sites for large-scale visitation, however, and did not extend to geological 
features until later in the 20th century. 
Within the Four Corners region, ancient Puebloan cultures greatly valued the geological 
formations carved into the desert landscape by wind and water, both because of their beauty 
and because of their proximity to the water sources that created them. They often built large and 
permanent settlements in these canyons and alcoves, in precarious locations that gave advantages 
of shelter, defense, and scenery. Over the 700 years prior to rediscovery many of these places 
experienced some amount of collapse and ruin as rock formations continued to evolve, detach, 
and take masonry walls along with them. 
But even 20th century stabilization techniques were not able to hold up entire cliff walls, 
and many sites continued to see natural geological processes at work on ancient ruins. Perhaps the 
most notorious of these events was the 1941 collapse of Threatening Rock over Pueblo Bonito in 
Chaco Canyon, which destroyed several rooms of the large structure as it came crashing down.40 
Within Mesa Verde National Park, the alcoves in which cliff dwellings such as Spruce Tree House 
and Cliff Palace were built continue to erode and threaten the remains underneath, and some 
instances were severe enough to merit interventions. 
In 1940 Al Lancaster noticed a large crack above Spruce Tree House which indicated 
a continuing separation of the entire face of the alcove from the cliff behind it. Throughout the 
1940’s, the crack was monitored for movement, cleaned, and kept sealed. In 1960 a portion of 
this cliff collapsed, damaging cultural resources and a visitor trail below and prompting the park 
to begin a stabilization campaign on the entire cliff. The loose sections were anchored to the cliff 
face with bolts and grout, and a copper lip was installed to divert water away from the crack, 
establishing a Park-wide precedent to stabilize geological features if they threaten the well-being 
of anthropological features.41 Currently the park is experiencing yet another geological issue, as 
the erosion of the base of the alcove below Cliff Palace has created an increase in the slope of the 
floor. This is causing the architecture within the alcove to crack, lean and slide downwards and 
has prompted the park to begin a geological and hydrological analysis and form a conservation 
40.  Marta de la Torre, Margaret G. H. Mac Lean and David Meyers, “Chaco Culture National Historic 
Park: A Case Study,” The Getty Conservation Institute, Los Angeles, 2003, 9. 
41.  Kathleen Fiero, Dirt, Water, Stone: A Century of Preserving Mesa Verde, Durango: The Durango Herald 
Small Press, 2006, 75-77.
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plan for the alcove to prevent further deterioration of Cliff Palace.42 
Current advances in the fields of building conservation, rock mechanics, mining and 
civil engineering have led to more recent developments in the conservation of anthropological 
resources. For the rock-hewn churches of the World Heritage Site in Göreme Valley in 
Cappadocia, new technologies led to the development of a conservation plan that was able to 
take into account multiple facets of an otherwise extremely complicated decay phenomenon. 
The “fairy chimneys” of Cappadocia were formed as differential erosion of layered depositions 
of volcanic tuff and other igneous rocks left behind a medley of conical shapes throughout the 
landscape. Throughout the Byzantine Empire in Turkey, these rock formations were hollowed out, 
their insides were decorated with elaborate murals, and they were used as dwellings, convents and 
churches. Wind, rain, and other geological processes that shaped these formations have persisted, 
eroding the structures that have become associated with post-iconoclast Byzantium. In response 
to cracks in the roofs of churches which allowed water infiltration and subsequent destruction 
of valuable murals, conservation professionals experimented with consolidation, buttressing, 
and banding techniques, as well as anchoring systems to prevent further deterioration of the 
churches.43 It was recommended that rock anchoring and grouting procedures be implemented 
on an area in need of emergency stabilization in order to more accurately assess the effectiveness 
of those procedures at a macro scale, as well as water control measures to lessen the erosion 
processes present at the site.44
The popularization of ethyl silicate consolidation products in the 1970’s provided 
additional advances to the field of archaeological site conservation. The treatment of the 
Square Tower support rock at Hovenweep with Conservare OH and the pinning and grouting to 
ameliorate incipient spalling and delamination on the cliff sides at El Morro National Monument 
are classic examples of the use of modern techniques in the 1990’s to stabilize natural features 
at anthropogenic sites.45 Today, these cases serve to establish precedents for intervening in the 
42.  “The Preservation of Cliff Palace,” Mesa Verde National Park, National Park Service. Web: Accessed 
3/14/13, http://www.nps.gov/meve/historyculture/cliff_palace_preservation.htm.
43.  Martin E. Weaver, “Reviewing Structural Conservation Measures for Heritage Resources in 
Rock,” Chapter 16 in The Safeguard of Rock-hewn Churches of the Göreme Valley: Proceedings of an 
International Seminar, Ürgüp, Cappadocia, Turkey, 1993, 151-162.
44.  Multiple Authors, “Recommendations,” Chapter 21 in The Safeguard of Rock-hewn Churches of the 
Göreme Valley: Proceedings of an International Seminar, Ürgüp, Cappadocia, Turkey, 1993, 212-213.
45.  Kathleen Fiero, “Ruins Stabilization of the Square Tower Ruins Group,” 1992. Hovenweep National 
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natural processes of geological formations in order to better serve the man-made features present 
within them. 
On the opposite end of the spectrum, some archaeological sites have actively chosen 
not to consolidate their natural features at the risk of erosion and detachment issues. One such 
site is the Côa Valley Archaeological Park in Portugal, which contains a series of rock outcrops 
decorated with rock art. Similar in nature to the problems inherent at the Holly Tower support 
rock, these rock outcroppings are subject to fractures and microcracking, large-scale localized 
loss, and subsequent friability and erosion of exposed areas. A series of consolidation experiments 
concluded that small-scale consolidation and sealing of the decorated panels was appropriate, 
but large-scale consolidation of the rock masses was considered too intrusive and was eliminated 
from the treatment plan.46
2.3 consolidaTion meTHods
Because salts are among the highest causes of stone decay, over the years many solutions 
have been developed to remedy the decay patterns they cause. The theory of consolidation has 
been in existence for centuries, and over time the ideal characteristics of a stone consolidant have 
been refined. A successful consolidant must have a low viscosity in order to be able to penetrate 
the stone at a reasonable depth, must be able to harden once within the stone in order to bind it 
together, and must be able to protect the material from further decay for a reasonable amount of 
time. The issue of compatibility is crucial for an effective treatment lifetime—consolidants must 
have similar expansive properties and elastic moduli to the substrate, and must impart a very 
minimal color change upon the surface.47 
Alkoxysilanes, which are ethyl silicate based polymers, have “undoubtedly been the most 
widely used stone consolidants” since the 1970’s as they fulfill many of the requirements listed 
above and have been made commercially available worldwide.48 Derived from “silicon esthers” 
or ethyl silicates which were used as early as 1861 on the Houses of Parliament in London, 
Monument Museum Collection. Catalog number HOVE 18721. Collection number 404. Series 001. File 
Unit 253.
46.  António Pedro Batarda Fernandes, José Delgado Rodrigues, “Stone consolidation experiments in rock 
art outcrops at the Côa Valley Archaeological Park, Portugal,” in Stone Consolidation in Cultural Heritage: 
Proceedings of the International Symposium, edited by José Delgado Rodrigues and João Manuel Mimoso, 
Lisbon, 2008, 111-120.
47.  Price, 1996, 16.
48.  Ibid, 19.
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alkoxysilanes can be used as both consolidants and water repellents for sandstones and siliceous 
limestones.49 They are most compatible with silicate stones, changing from a liquid to a stable 
deposition of amorphous, inorganic silica within the pore matrix.50 Alkoxysilanes have a low 
viscosity, have little tendency to discolor, are relatively strong and resistant to cleavage by UV 
degradation, and have thermal and oxidative stability—all of these properties make them ideal for 
consolidation of outdoor monuments.51 They have been found to reduce porosity by 2-10%, can 
reduce water vapor permeability by up to 50%, can improve compressive strength by 50-100%, 
and do not cause a marked change in color.52
Alkoxysilanes have been found to be successful at consolidating clay-bearing limestones, 
but they may be ineffective on clay-bearing sandstones. They are also unable to consolidate 
grains with diameters greater than 3mm and intergranular distances over 50 microns, making 
them ineffective at reattaching large pieces of stone together once they have broken off. Ethyl 
silicates decrease in effectiveness after just ten years.53 While treatments with alkoxysilanes 
are irreversible, irreversibility in consolidation is idealistic at best.  Even the most soluble 
of treatments is difficult to remove, and as C.A. Price points out, “decay through neglect is 
irreversible too.”54
2.3.1 Available products
Conservare OH100® is an alkoxysilane consolidant produced by Prosoco in the United 
States. It is touted to infiltrate into the stone at a reasonable depth, retaining the water vapor 
permeability of the stone while strengthening it substantially.55 However it has been found to be 
ineffective on argillaceous sandstones because the modulus of elasticity is not able to keep up 
with the swelling activity of the clays, and significant cracking can occur within the pore matrix 
rendering the treatment largely ineffective after only a short time.56
49.  George Wheeler, Alkoxysilanes and the Consolidation of Stone. Los Angeles: Getty Publications, 2005, 
1-2.
50.  Anne Brackin, A comparative study of the effects of applying acrylics and silanes in sequence and in 
mixture, with a case study of the column in the convent of Mission San Jose y San Miguel de Aguayo, 
Texas, M.S. Thesis, University of Pennsylvania, 1994, 9.
51.  Wheeler, 2005, 13.
52.  Brackin, 1994, 14-15.
53.  Oliver, A. B. “Variable Performance of Ethyl Silicate Consolidated Stone at Three National Parks,” 
APT Bulletin, 1992 (33:2), 95.
54.  Price, 1996, 29. 
55.  PROSOCO, Product data sheet “Conservare® OH100 Consolidation Treatment.”
56.  McNabb, Evaluation of Consolidation Treatments for the San Jose Convento Column, 
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Conservare OH100® was used with success at Square Tower in Hovenweep National 
Monument in 1996 and 1997 to consolidate friable surfaces of the support rock for the tower. 
Square Tower experienced similar decay mechanisms to Holly Tower such as salt crystallization 
induced surface erosion and undercutting, but the problems at the Square Tower monolith 
were exacerbated by the use of Portland Cement fill in the 1950’s in an attempt to stabilize the 
undercutting of the monolith and potential threat to the masonry tower above.57  Conservare 
OH100® produced minimal color change and increased the surface hardness of nearby Dakota 
sandstone samples, according to Dr. Mary Griffitts, and subsequent treatment was performed on 
the Square Tower support rock after the success of this pilot treatment.58 Additional studies have 
not yet been undertaken to assess the performance of this treatment after 15 years.
Remmers UK has developed a host of consolidation products targeted for sandstone. 
These products are all comprised of solvent-free hydrous silicon dioxide which is deposited as a 
gel into the pores of the stone and then hardens to replace the lost binding matrix. The products 
are offered in a range of concentrations targeted for different stone profiles. KSE 100 is intended 
for fine-pored sandstones and has a gel deposit rate of approximately 10%, making it a rather 
weak stone strengthener.59 KSE 300 is intended for medium-pored sandstones and has a gel 
deposit rate of 30%.60 The strongest product that Remmers offers is KSE 510, which is intended 
for coarse-pored stones and has a gel deposit rate of over 40%. It is intended to be used on highly 
friable sandstones.61 
For products containing heavy amounts of clays, Remmers has also developed a product 
called Funcosil® Antihygro®, a tetramethylenediammonium dichloride in aqueous solution 
marketed as a swelling inhibitor for clay-rich, natural stone. It is advertised by Remmers to 
reduce hygroscopic swelling in natural stone by 40-60% by blocking the centers in clay minerals 
that produce swelling. Antihygro® has not been found to alter physical properties of stone such as 
color, strength, and water absorption properties, and is often suggested to be used in conjunction 
57.  Anne Oliver, “Conditions Survey of Square Tower Boulder,” 1995. Hovenweep National Monument 
Museum Collection. Catalog number HOVE 18721. Collection number 404. Series 001. File Unit 94A.
58.  Kathleen Fiero, “Ruins Stabilization of the Square Tower Ruins Group.” 
59.  Remmers UK, Technical Information Sheet, article no. 0719, “KSE 100”.
60.  Remmers UK, Technical Information Sheet, article no. 0720, “KSE 300”.
61.  Remmers UK, Technical Information Sheet, article no. 0625, “KSE 510”.
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with Remmers KSE products as an anti-swelling pre-treatment.62
Relatively recently, Remmers UK developed an elastified alkoxysilane consolidation 
product known as KSE 300 E, which is similar to Remmers KSE 300 in that it deposits a silica 
gel binder within the pores of the stone at a 30% deposition rate. However, KSE 300 E differs 
in that it increases the modulus of elasticity while still providing sufficient strengthening to the 
substrate to which it is applied. When applied in conjunction with another Remmers UK product 
called Funcosil® Antihygro®, KSE 300 E is the most effective product Remmers UK offers at 
reducing swelling capacity of clay-rich natural stones.63 This combination of treatment has been 
found to perform favorably on argillaceous sandstone by limiting hygroscopic expansion, in turn 
lowering absorption rates and increasing drying rates.64
2.3.1.1 Treatment Studies
While the stone conservation products produced by Remmers UK are relatively new 
in the market, there have been some studies evaluating their effectiveness on various materials 
found in cultural heritage. Lee and colleagues examined multiple ethyl silicate consolidants on 
sandstone monuments within the cultural heritage areas of the Yeongyang province in Korea that 
were experiencing medium to severe cases of granular disintegration and surface scaling.65 The 
study supported and built upon the findings of a 2009 study by Kim, et al. that Remmers KSE 
300 E produced the largest increase in rate of deposition and had the best results on the surfaces 
with the highest degree of weathering.66 They concluded that this was likely because these areas 
had more open pores to fill, which increased the rate of deposition of the consolidant as measured 
by ultrasonic velocity, a technique used to assess weathering damage. Remmers KSE 300 E and 
Wacker OH 100 were the two products tested with the highest silicate content (99-100%), as 
compared with Remmers KSE 100 and Remmers KSE OH, and it was jointly concluded that 
62.  Remmers, Technical Information Sheet, article no. 0616, “Funcosil® Antihygro”.
63.  Remmers, Technical Information Sheet, article no. 0714, “KSE 300 E”
64.  Kalen Daniel McNabb, Evaluation of Consolidation Treatments for the San Jose Convento Column, 
San Antonio Missions National Historical Park, San Antonio, Texas, M.S. Thesis, University of 
Pennsylvania, 2012: 90.
65.  M.S. Lee, J.M. Lee, S.M. Park, and J. Kim, “Consolidation Efficiency of In-Situ Application 
Considering Weathering Degree for Korean Sandstone Cultural Heritage,” in 12th International Congress 
on the Deterioration and Conservation of Stone, Session XI: Methods and Materials of Cleaning, 
Conservation, Repair, and Maintenance (2012), 40-46.
66. J.H. Kim, M.S. Han, J.J. Lee, C.Y. Song, J.M. Lee, M.J. Kim, and M.S. Lee, “An estimation on the field 
application of consolidants according to rock quality,” in Pojon kwahak yŏn’gu 30 (2009), pp. 80-91.
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products with higher silicate content produced greater rate of deposition in the sandstone samples 
tested.67 
Di Benedetto and colleagues examined the effectiveness of Funcosil® Antihygro® as an 
anti-swelling pre-treatment for ethyl silicate treatments (PRC100) on Neapolitan Yellow Tuff and 
Vicenza Stone, and found that the treatment combination performed differently depending on the 
type of stone on which it was applied. The Yellow Tuff contained a large amount of expanding 
clays, making the Antihygro® pretreatment especially effective at decreasing the expansion 
by more than 60%. The Yellow Tuff survived freeze-thaw conditions very well after treatment, 
but the ethyl silicate was not found to be compatible with the tuff as a consolidation material. 
The Vicenza Stone, a porous limestone with low clay and silica contents, was quite compatible 
with the ethyl silicate but did not show a marked difference in expansion properties after the 
pretreatment, showing a much less dramatic change in expansion coefficients during freeze-thaw 
and thermal stress. However, results did show that pretreatment with Antihygro® did not affect 
penetration depth of the ethyl silicate into sedimentary stone.68 
Similarly, Müller and Reidl concluded in their 2008 study that Antihygro® and ethyl 
silicate treatments work well together, especially for clayey sandstone, but need to be evaluated 
in conjunction with the exact type of substrate to which they are proposed to be applied.69 It has 
been found that consolidation with ethyl silicate can penetrate into highly weathered stone and fill 
large pores, and in the process can generate many secondary pores when microfissures are formed 
in these larger depositions, depending on the post-consolidation process.70 However, a study 
specifically targeted at the use of Funcosil® Antihygro in conjunction with Remmers KSE 300 E 
found that the treatment combination caused a lower increase in the modulus of elasticity and less 
shrinkage cracks in the aged gel, and that the addition of Antihygro alone caused an increase in 
67.  M.S. Lee, et al. “Consolidation Efficiency.”
68.  C. Di Benedetto, S. Bianchin, P. Cappelletti, A. Colella, M. de Gennaro, M. Favaro, A. Gambirasi, A. 
Langella, G. Luca, and M. Soranzo, “The Neapolitan Yellow Tuff and the Vicenza Stone: Experimental 
Investigations about Effectiveness of Antiswelling Treatment,” in 12th International Congress on the 
Deterioration and Conservation of Stone, Session XI: Methods and Materials of Cleaning, Conservation, 
Repair, and Maintenance (2012), 238-247.
69.  U. Müller and M. Riedl, “Volcanic Tuff From Ettringen, Germany and its Interaction with Agents used 
for Stone Conservators”, in Proc. 11th International Congress on Deterioration and Conservation of Stone, 
eds. J. W. Lukaszewicx, and P. Niemcewicz (Nicolaus Copernicus University Press, Poland, 2008) 1001-
1009.
70.  H. Stück, L.Z. Forgó, J. Rürich, A. Török, S. Siegesmund, “Stone Consolidation of Volcanic Tuffs,” 
in 11th International Congress on the Conservation and Deterioration of Stone: Proceedings 15-20 
September, Volume I, (Torun: Uniwersytetu Mikolaja Kepernika, 2008) 1063-1070.
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water vapor sorption as compared to untreated samples.71
71.  M. Boos, J. Grobe, G. Hilbert, E. Wendler, “Möglichkeiten und Grenzen der Steinfestigung im 
Kieselsäureester System, Einsatzmöglichkeiten elastifizierter Kieselsäureestertypen,” in Proc. Material 
Science and Restoration, Esslingen, Germany, V. 2, 1305-1313. 
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chApter 3: conteXt And geologY
“Nothing but sand, sagebrush & sun.”
          - William Henry Jackson on the Hovenweep Valley, 18751
3.1 conTexT
The landscape throughout Hovenweep is mainly characterized by the Dakota Sandstone 
formations which were the lifeblood of the Anasazi. The Dakota formation provided foundations 
for the masonry buildings throughout the Hovenweep settlements, provided stone for masonry 
wall construction, and even provided water through the springs and seeps at canyon heads. The 
six units throughout Hovenweep are spread out atop Cajon Mesa, a highland plateau landscape 
of Dakota Sandstone veined by steep-walled canyons and surrounded by the sweeping mountain 
ranges of the Sleeping Ute, the Abajo, and the Carrizo Mountains.2 
Holly Group consists of 64 acres, and sits at the head of one such ravine named Keeley 
Canyon, with Holly Tower situated in the center of a narrow ravine cutting through Cajon 
Mesa (Figure 3.1).3 These canyons formed as natural springs or seeps forced their way out of 
the ground, eroding the layers of sandstone and shale in their paths. The trickling springs that 
continue to exude out from the canyon heads have created small oases in these areas, providing 
microclimates with the capability to support cottonwood and hackberry trees, small animals, 
and even complex societies during the Pueblo III period.4 According to John Ismay of the Ismay 
Trading Post 20 miles down the road, the spring at Keeley Canyon was covered by rock fall 
sometime around 1920.5 Though water is less accessible or visible now, it continues to support 
relatively lush vegetation compared to the environment directly surrounding it (Figures 3.2 and 
3.3). 
1. Bob Blair (editor), “William Henry Jackson’s The Pioneer Photographer,” Santa Fe: Museum of New 
Mexico Press, 2005, 151.
2.  Ian Thompson, The Towers of Hovenweep, Moab: Canyonlands Natural History Association, 2004, 7.
3.  Jim Von Loh, Gery Wakefield, Aneth Wight, Angie Evenden, and Janet Coles, “Vegetation Classification 
and Mapping Project Report, Hovenweep National Monument,” Natural Resources Technical Report NPS/
NCPN/NRTR—2008/092, National Park Service, U.S. Department of the Interior, 2008, 19.
4.  Ibid, 10.
5.  James Brewer, “Special Report on Hovenweep National Monument,” 1939. Hovenweep National 
Monument Museum Collection. Catalog number HOVE 18721. Collection number 404. Series 001. File 
Unit 63.
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Figure 3.1: Section of Keeley Canyon looking north, SEUG archives.
Holly Tower
Holly House
Figure 3.2: Panorama of Keeley Canyon looking north, October 2012.
Figure 3.3: Panorama of Keeley Canyon looking northwest, October 2012.
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3.1.1 geologic history 
While the Mesozoic strata have been studied in detail throughout most areas on the 
Colorado Plateau, Hovenweep has received little attention. A geologic resources evaluation for 
the National Monument, published in 2004, emphasized the need for a full-time geologist, as well 
as better studies on canyon formation, depositional systems, and rock color studies. It is known 
that Cajon Mesa is capped by porous Dakota Sandstone, which was deposited by the advance and 
retreat of ocean water during the Late Cretaceous Period. This deposition was the culmination of 
millions of years of sediment transportation by various bodies of water, such as streams and river 
deltas, which covered the continent between the Jurassic and Cretaceous depositional regimes.6 
Over time these layers of sediment have experienced ruptures and uplifts caused by 
volcanic activity. These occurred after the retreat of the last Cretaceous ocean, as Tertiary 
volcanic events increased and deposited volcanic tuff and igneous inclusions at areas of uplift, 
creating the mountain ranges surrounding Cajon Mesa today.7 These uplifts imparted vertical 
stresses throughout the sandstone depositions known as geological joints occurring at ninety 
degree intervals across the beds, creating block formations that easily detach when subjected to 
gravitational forces. 
The most recent layer of stratigraphy in the San Juan Basin, known as the Morrison 
Foundation, is comprised of thick beds of Dakota Sandstone on top of Burro Canyon shale. This 
shale is heavy in bentonitic clays, which are highly expansive when wet. As the shale erodes it 
deposits these fine clays in the soil which can cause the ground to heave and buckle, and when 
exposed to excess moisture the shale layers containing these clay minerals can heave and rupture. 
The porous sandstone strata above the Burro Formation Shale allow water to percolate down to 
the shale layers and sit, unable to pass through the dense stone. This phenomenon creates springs 
and seeps as water is forced out along the horizontal plane of the upper shale strata.8
It is the interaction between the Dakota Sandstone and Burro Formation Shale that have 
created the overall geological patterns found on Cajon Mesa. As rain water percolates downward 
6.  T. Thornberry-Ehrlich, “Hovenweep National Monument Geologic Resource Evaluation Report,” 
Natural Resource Report NPS/NRPC/GRD/NRR—2004/002, National Park Service, Denver, Colorado, 
2004, 23.
7.  Thompson, The Towers of Hovenweep, 8.
8.  Thornberry-Ehrlich, “Geologic Resource Evaluation Report,” 7.
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into the porous sandstone strata and meets the dense shale underneath, the bentonitic clays within 
the shale expand and create fissures within these strata. This is exacerbated by the additional 
erosion of the soft sandstone layers directly above the shale, which disintegrate as water exits 
out of the canyon wall through the sandstone pore network. Both of these phenomena help to 
undercut the sandstone blocks that have formed from geological rupturing processes, and as 
gravity takes over these blocks detach from the canyon wall and collapse into the canyon bottom.9
3.1.2 climate
The six units of Hovenweep are spread out at elevations ranging from 5,080 to 6,750 feet 
above sea level, with Holly Group falling in the lower range at 5,560 feet above sea level.10 At 
this elevation, Holly Tower is subject to a typical high desert climate, with extremes ranging from 
-10°F in the winter to 105°F in the summer. Average temperatures in the summer range from 60°F 
to 76°F, and average temperatures in the winter range from 28°F to 40°F (Table 3.1). 
Based on recorded highs and lows observed from the Ranger Station at the Square Tower 
Unit, monthly averages for maximum and minimum temperatures suggest a likelihood of daily 
freeze-thaw cycling between the months of November and April.11 Because no quantitative 
9.  Ibid, 1. 
10.  Jim Von Loh et al., “Vegetation Classification and Mapping Project Report,” 8.
11.  National Oceanic and Atmospheric Administration (NOAA) Climatological Data, Utah, January 2006 
(108:1)-December 2010 (112:12), ISSN 0364-559. 
2006‐2011 May 78.96667 44.73333 60.56667 59.2
2006‐2011 Jun 90.72 54.12 71.48 69.2
2006‐2011 Jul 94.96 62.68 77.24 75.8
2006‐2011 Aug 91.12 59.16 73.32 73.9
2006‐2011 Sep 82.01667 49 63.63333 65.1
2006‐2011 Oct 68.6 37.41667 50.98333 49.1
2006‐2011 Nov 48.22857 25.6 39.14 39.1
2006‐2011 Dec 41.98333 18.12 28.6 29.4
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Graph 3.1: Temperature recorded at Hovenweep Ranger Station between 2006 and 2011 compared to 
monthly averages between 1971 and 2000. NOAA.
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freeze-thaw data is recorded at Hovenweep Ranger Station on a daily basis, other nearby weather 
stations were consulted for additional information. According to Engineering Weather Data 
Products, the city of Farmington in New Mexico, 80 miles southeast of Hovenweep and at a 
similar elevation, experiences an average of 111 freeze-thaw cycles each year.12 The proximity of 
Farmington to Hovenweep suggests that Holly Tower, too, experiences around 100 annual freeze-
thaw cycles, a number that is not insignificant.
Precipitation in this region is fairly low, with the Ranger Station at the Square Tower 
Unit recording an average of 13 inches of precipitation (rain, hail and snowmelt) annually. 
Precipitation peaks between July and October, with late spring and early summer being very dry. 
Snowfall in this region is light, with snow usually melting the day after it falls and heavy snowfall 
unusual. The winter of 2009-2010 was one of the heaviest snow years on record, with 27.5 
inches recorded.13 During this winter season, an unusually large amount of snow accumulated 
and then melted altogether.14 Evaporation potential for this region is averaged at 114 centimeters 
per year, with the bulk of evaporation occurring in the spring and summer months. In the winter 
12.  Engineering Weather Data Products, Farmington, New Mexico, web, accessed March 24, 2013, http://
webapp1.dlib.indiana.edu/cgi-bin/virtcdlib/index.cgi/4910250/FID1/EngineeringWeather.html%3B1.
13.  Incomplete data was recorded for December and January of that year, with between 1 and 9 daily 
entries missing for each month. NOAA Climatological Data, Utah, December 2009 (111:12) -January 2010 
(112:1). 
14.  Personal communication, Noreen Fritz, Preservation Archaeologist, Southeast Utah Group, October 22, 
2012. 
Graph 3.2: Average monthly precipitation at Hovenweep, Western Regional Climate Center, 2007.
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evaporation potential is low, allowing moisture to penetrate into the soil and remain until early 
summer.15
Keeley Canyon itself is not monitored for climate data. While the Ranger Station at 
Square Tower Group is a mere two miles away, the possibility for climatological differences 
between the two areas is substantial. Elevation levels between the two areas differ by 160 feet 
with Holly Tower being higher in elevation.16 Additionally, the mouth of Keeley Canyon faces 
south and therefore receives a great deal of sunlight throughout the day. The direct sunlight 
shining on Holly Tower could amplify the suggested number of freeze-thaw cycles each year, 
with below-freezing temperatures at night being cycled with sunlight-induced melt during the 
day. There is also a large possibility for humidity gradation between the mouth of the canyon and 
the mesa top above it. With little observation occurring during the winter months, and no direct 
climatological monitoring being executed within Keeley Canyon, it is difficult to assess the exact 
climate that the Holly Tower support rock is experiencing.
3.1.3 hydrology
Water sources at Hovenweep are scarce, consisting of ephemeral, seasonal sources such 
as intermittent streams, springs and seeps. Throughout the National Monument there are between 
eight and ten springs or seeps located around canyon heads. They are the most active in the early 
summer, ideal for plants that require moisture before the late summer monsoon season begins.17 
After heavy rains, the canyons in the area can become flowing rivers as they fill with water runoff 
from the higher mesa tops above.18 Snow usually melts the next day, therefore large amounts of 
snow accumulating and melting at once is not a likely situation, but snow melt is still another 
contribution to the ground moisture throughout the area.
Vegetation is often a significant indicator of the hydrological conditions present in a 
given landscape. Often vegetation patterns coincide with soil depth, stratigraphic changes, and 
groundwater levels, and these patterns are clearly evident at Hovenweep National Monument. 
The mesa tops generally support a sagebrush shrubland dotted with pinyon pine, which is typical 
15.  Von Loh et al., “Vegetation Classification,” 8. 
16.  Ibid, 7.
17.  Ibid, 14.
18.  Todd Rutenbeck, “Memorandum: Square Tower: Hovenweep National Monument,” 1995, Hovenweep 
National Monument Museum Collection. Catalog number HOVE 18721. Collection number 404. Series 
001. File Unit 94C.
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Figure 3.4: Photographic comparison between Keeley Canyon in 1942 (top, SEUG archives) and October 
2012 (bottom). Looking northwest, showing increase in ground shrubbery thickness over time.
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of a rock outcropping landscape, and the slopes along the canyon bottoms support pinyon-juniper 
woodlands with soils categorized as “very stony clay loam.”19 At Holly Group in particular, the 
drainage areas are covered in Utah Juniper woodlands, dotted with Hackberry trees closest to 
the seep.20 In comparing historic photographs from the early 20th century with landscape in the 
Monument today, vegetation has increased significantly, implying an increase in groundwater 
levels over the past century (Figure 3.3). Biological soil crusts are also prevalent throughout this 
environment that help to protect soil from wind and water erosion and retain soil moisture.21
A hydrologic investigation of the Square Tower Unit discovered a gradient in soil 
moisture based on topography and proximity to the spring below the canyon wall. Soil salinity 
monitoring indicated that salinity was highest during the month of July, indicating that the ground 
is experiencing the most moisture evaporation in the summer months. Groundwater levels were 
found to be shallower closer to the wash in the center of the canyon (less than one meter below) 
than along the higher edges of the canyon. This was also supported by the heavier vegetative 
growth along the bottom of the wash.22 
A difficulty in studying the hydrology of Keeley Canyon can be attributed to the heavy 
rock fall within the canyon, most of it directly adjacent to the Holly Tower support rock. This 
makes direct studies of topography difficult, and makes it difficult to assess the moisture content 
of the soil with which the monolith is in direct contact. 
3.2 macrogeology of THe suPPorT rock
3.2.1 bedding patterns and joints
The Holly Tower Support Rock sits in a position that is a ninety degree rotation of its 
original formation. The horizontal strata that are present in Dakota Sandstone throughout the 
region are turned to a vertical position on this monolith due to its trajectory path upon detaching 
from the canyon rim. This bedding formation creates unnatural stresses on layers that have 
differentially weathered over time and are now subject to the forces of water erosion and gravity. 
19.  Von Loh et al., “Vegetation Classification,” 13. 
20.  Ibid, 133.
21.  Ibid, 13.
22.  Doug Oliver and Jelle Beekma, “Hydrologic Investigation at Square Tower, Hovenweep National 
Monument,” 1999, Hovenweep National Monument Museum Collection. Catalog number HOVE 18721. 
Collection number 404. Series 001. File Unit 94C.
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Because of this, large slabs are detaching from the surfaces of the rock where differential erosion 
has separated one or more contiguous  bedding planes from the larger rock mass. 
Geological joints are visible on the support rock as large separations of the rock mass 
that are perpendicular to the bedding direction. On the Holly Tower support rock, joints run in an 
east-west orientation, as indicated on Figure 3.4. The north, south, and top faces of the rock likely 
detached from the original rock mass due to weathering of geological joints, as observed from 
their relatively smooth, straight surfaces.
3.2.2 origins of the holly tower support rock
Based on the differential conditions present on each of the fi ve exposed faces of the Holly 
Tower support rock, and based on its position and location within  Keeley Canyon, it is possible 
to hypothesize the original location of the rock before its detachment. A more in-depth analysis 
of condition will follow in Chapter 4, but macro-geological indications will be discussed in this 
section in order to form a hypothesis on the monolith’s origin. 
The differential weathering behavior present on the west and east faces of the rock 
resemble a distinct top and bottom, respectively. The contour scaling and  delamination patterns 
on the west face are similar to the rippled effect present in sediments on the bottom of a lake, 
Figure 3.5: Geological context of Holly Tower support rock, showing detached ledgerock throughout the 
canyon. Larger versions of these panoramas are included in Appendix B.
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for example, and support the hypothesis that this end at one point faced upwards. This contour 
pattern is not present on the east face of the rock. Instead the east face exhibits the differential 
erosion of round mineralogical inclusions, forming a scarred face that resembles a honeycomb on 
the surface. This could refl ect the settlement of larger minerals onto the bottom of the sandstone 
strata, suggesting that this face of the rock once was oriented downward.
The graphic in Figure 3.5 shows the hypothetical provenience of the Holly Tower support 
rock, based on proximity to the east cliff face, bedding orientation, weathering patterns, and joint 
formation. The spacing of the geological joints running perpendicular to the bedding in the cliff 
closely resemble the dimensions of the monolith. Upon detachment from the cliff face, it appears 
that the ledge rock rotated ninety degrees and slid down to the very middle of the ravine and 
stopped in an upright position, to the luck of the Ancient Puebloans. The relatively level plane 
of the top face, as well as the almost perfectly square shape provided what must have seemed an 
ideal building foundation for what would later be named Holly Tower. The remaining  surface fall 
that is seen scattered throughout the head of the canyon appears to have happened after the initial 
large ledge rock detachment, with the last rock collapse occurring around 1920.23 
23.   Brewer, “Special Report on Hovenweep National Monument.”
Figure 3.6: Hypothetical provenience of Holly Tower support rock, showing bedding patterns and color 
coded surfaces. Green indicates ledge from which the rock detached, yellow indicates original top surface 
of the rock, blue indicates geological joint.
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chApter 4: condition surveY
“The first operation in any conservation process is to assess accurately the 
substance of the object to be safeguarded. This may seem obvious but, alas, is not, and 
ignoring this operation by considering it to be obvious
may result in irreparable mistakes.”
                             - Paul Phillippot, 19761
The Holly Tower support rock exhibits a total of fifteen surficial conditions. All of 
these conditions indicate weathering processes that have previously affected the monolith and 
in some cases appear to still be active today. The multitude of conditions present necessitated 
the design and execution of a symptomatic survey to visually record these phenomena in an 
attempt to correlate them typologically, spatially and temporally and if possible identify causality. 
A condition survey can provide a preliminary understanding of risk and threat by identifying 
current damage, explain deterioration mechanisms when viewed with other analyses, and can 
guide treatment strategies in the future. An additional goal of this condition survey was to provide 
a qualitative and quantitative digital graphic baseline for future condition monitoring by the 
National Park Service.
4.1 meTHodology
This condition survey focuses strictly on the exterior surface of the support rock beneath 
Holly Tower. The tower itself was not in the scope of this project and was not examined, nor was 
the top surface of the rock within the footprint of the tower. Because the interior of the tower 
was backfilled to prevent erosion of the footing of the tower and to ensure proper drainage, this 
horizontal surface area was not accessible for analysis. While the condition of the tower and 
its footing are important in the context of this survey—indeed, the tower is the reason why the 
monolith must be preserved—the tower was repointed in 1999 and has remained stable since 
then, therefore it was not examined for current conditions. The rock is the major concern due to 
past and recent episodes of large scale loss that have been recorded and that appear imminent if 
treatment is not implemented.
1. Paul Phillippot, “Historic Preservation: Philosophy, Criteria, Guidelines, I,” in “Historical and 
philosophical issues in the conservation of cultural heritage,” edited by Nicholas Stanley Price, Mansfield 
Kirby Talley, and Alessandra Melucco Vaccaro, Los Angeles: Getty Publications, 1996, 271.
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4.1.1 photo-documentation
Normally condition surveys use ortho-rectified photography and photo-montaging 
techniques to display the areas under examination. Although three dimensional digital 
representation has become more common, the ability to collect and overlay graphic data 
for further analysis remains difficult while a two dimensional format is still preferred in the 
field. Given the irregular and multi-faceted nature of the detached ledge rock, representation 
of the monolith as an ortho-projected elevation with a fixed perspectival point, common for 
more regular works, would be deceptive and useless in depicting relational surfaces and their 
conditions considering the rock’s many irregularities, concavities, and rounded edges. Another 
limiting factor was difficult topography and access and the presence of vegetation around the 
circumference of Holly Tower, preventing any single photographic shot or perspective from 
encompassing any one side in its entirety. Therefore, in order to most accurately show the 
conditions present on the surfaces of the rock, the team decided to take a less conventional 
approach. 
The Holly Tower support rock was documented photographically from many different 
angles, using the rock faces to dictate each frame. Photographs were merged together when 
possible, such as on the relatively flat vertical surfaces of the east and west sides. The areas of the 
rock that were not easily visible from the ground, such as the top of  the rock on which the tower 
sits, were documented using a lightweight digital camera mounted on an adjustable painter’s 
pole that was extended to 20-25 feet in length (Figure 4.1). The camera was programmed to take 
a photograph every ten seconds in order to capture each surface from the best possible angle, 
while hoisting the painter’s pole the least number of times. The photographs produced with this 
technique provided a montaged perspective of these upper portions of the monolith that was 
otherwise difficult to obtain on the ground or via ladders, allowing a closer look at the conditions 
present on a larger and more comprehensive scale. 
The final products were not skewed or rectified as a flat surface of a building would be. 
The approach with this condition survey was not to represent the rock itself as a flat surface, but 
to represent the camera lens as a flat plane observing an irregular surface. In order to establish a 
consistent scale from image to image, two black and white targets spaced exactly two feet apart 
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were placed on a flat surface that would be visible in each photograph. 
The team was mostly able to organize the collection of photographs into four visually 
distinguishable groups based on the north, south, east, and west sides of the rock which 
corresponded to the four elevations of the tower. This organization was with the hope of allowing 
viewers to easily reference the photographs with each other. However, at times it was necessary 
to diverge from these groups. The northwest corner of the support rock lost a large segment 
of sandstone between 1991 and 1998, rendering its previously sharp and convex corner into a 
concave shape instead. This corner was photographed from a forty-five degree angle between the 
west and north quadrants of the monolith. The southwest corner had a similar phenomenon where 
differential erosion caused a concave shape and required photographing the surface from an angle 
not contiguous with the west or south side. Finally, the lower portion of the northeast corner 
Figure 4.1 J. Torres and J. Hinchman using painter’s pole to take 
“aerial” photographs of hard-to-reach surfaces of support rock.
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was covered with another large rock and was only accessible for observation by entering a small 
crevice underneath this second rock. This area required a separate photo as well. 
In total, there were twenty-one photographs taken around the perimeter of the Holly 
Tower support rock, four pairs of which were merged together creating a comprehensive set of 
seventeen photographs overall. Each of the twenty-one photographs were printed on 8.5x11-
inch paper and taken into the field, where they were used to conduct the condition survey. 
Conditions were drawn directly onto mylar sheets which were laid over the printed black and 
white photographs, using multicolored Sharpie® permanent felt-tip markers for contrast. These 
sheets were transported back to the Architectural Conservation Research Center at the University 
of Pennsylvania and were digitized with the use of Autodesk® AutoCAD® 2012 and ArcGIS 
ArcMap 2011. 
In order to visually represent the photographs on which the conditions were drawn, 
Figure 4.2: Massing model of structure generated from a point cloud off of Photosynth. View of the north 
and east elevations.
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the team next created a three-dimensional massing model of the support rock and tower unit in 
order to produce scaled perspectives that were not possible to obtain through photography. Using 
Microsoft Photosynth, the team converted a total of 203 contextual photographs into a point cloud 
which was then used to create a meshed model of the tower with the help of Autodesk® Maya® 
and Google SketchUp®. This model was then rotated as needed, converted into 2-D images and 
used to provide reference points for the 2-D photographs in the condition survey (Figure 4.2). 
4.1.2 survey methodology
The condition survey for the Holly Tower support rock was conducted largely from 
ground level around the perimeter of the monolith. Conditions were recorded on mylar sheets that 
were overlaid on 8.5x11-inch black and white prints of photographs. In areas where photographs 
overlapped, conditions were recorded on both sheets to ensure consistency and full coverage 
of the surface area of the rock. Certain conditions required close contact with the stone in order 
to determine areas of detachment and friability, but fortunately the areas that needed closer 
inspection were also located closer to the ground. 
4.2 condiTion glossary
A group of fifteen conditions was developed based on initial observation of the Holly 
Tower support rock. The conditions were divided into three basic categories: methods of 
detachment or erosion; features induced by material loss; and discoloration/surface deposits. 
Methods of detachment such as slabbing and detachment are considered the most worrisome as 
they threaten to cause large scale and instantaneous loss. Smaller or less invasive detachment 
and loss are visible such as contour scaling and delamination of bedding planes. Other forms 
of localized material loss include cavities and weathered inclusions, where discontinuities 
in the makeup of the stone have caused differential erosion and result in small scale areas of 
loss. Discoloration and surface deposits are features observed on the surface of the stone that 
are indicative of other processes. The presence of microflora indicates that an area is prone to 
moisture but stable, while clay wash on the surface indicates an active erosional process above 
a specific area. Each of these fifteen conditions are described and illustrated in detail in the 
Condition Glossary below.
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4.3 currenT condiTions
Many of the conditions observed can be directly correlated with the initial processes of 
rock formation and the monolith’s current position after detachment from the adjacent cliff. Each 
side of the monolith exhibits different combinations of conditions depending on the cardinal 
direction the side faces and depending on the orientation of bedding planes and geological joints 
to the surface. Where bedding planes are parallel to the surface of the rock (on the east and west 
sides) delamination and slabbing are more prevalent due to the natural orientation of geological 
strata. Where bedding planes are perpendicular to the surface of the rock (on the north and south 
sides) linear erosion and cavity formation are more prevalent because the softer beds are more 
exposed to the elements and have differentially weathered out over time. 
The most worrisome conditions are slabbing and detachment, which both warn of 
impending loss. Slabbing can be thought of as a much more severe form of detachment, where 
large sheets or slabs generally two to three inches thick begin to separate from the surface of 
the rock. Slabbing is often positioned directly above areas of loss, illustrating a clear “before 
and after” storyline. Slabs are prone to imminent loss due to their surface area, weight, and 
diminishing points of contact with the main body of the rock, and when they are lost they will 
produce surfaces much like the areas of surficial loss that have been observed below them. Large 
fragments of fallen slabs have collected along the north, south, and especially the west sides 
probably from the basal areas that are now loss.
Loss is often associated with surficial friability and delamination, because as the 
hardened layers detach and fall they expose the depleted and vulnerable surfaces underneath 
which continue to experience active loss through friability. The areas of loss are located on the 
lowermost portions of the rock because those areas are experiencing heavy moisture cycling 
and salt crystallization. Ground water can only rise so high via capillary action in this porous 
stone, and the wetter areas down below are experiencing more loss through evaporation than the 
portions of the stone higher up. Areas of surficial loss and areas covered in microflora seem to 
be mutually exclusive. The presence of microflora indicates regions of surface stability, because 
organisms are not able to grow in areas that are experiencing active disintegration.
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4.3.1 north side
The north side of the Holly Tower support rock faces the canyon wall and receives the 
least amount of sunlight of all the sides. It is abutted by another large monolith that fell from the 
canyon wall, which creates additional shade for the portion of the support rock which it covers, 
and potentially affects evaporation. The lack of sunlight likely contributes to the potentially lower 
frequency of both daily freeze-thaw cycling (as the strong sun of the Four Corners region will 
not melt the snow accumulation every afternoon) and evaporation cycles, the last of which would 
explain the small amounts of salt deposits present on the north side.
This segment of the monolith is vertically bedded with bedding planes clearly visible 
and in many areas differentially eroded, creating a pattern known in this survey as linear erosion. 
There are many cavities on this side as well, likely because of the vertical orientation of bedding 
planes—the soft, clay inclusions located in between bedding planes are very exposed in this area 
and have weathered out over time to create small, ovular, cave-like pockets on the surface. 
Finally, the northwest corner of the monolith recently experienced the most recent 
episode of loss, where a large fragment of stone roughly the size of a small boat detached from 
the main body of the support rock in a clean, concave break. This detachment was likely shaped 
over time by the erosion of a geological joint in the stone, and was exacerbated by freeze-thaw 
cycling.  A second large geological joint extends down the center of this face and through to the 
south side of the monolith. The joint has experienced differential linear erosion, but appears to be 
stable at the interface between the rock and the tower, indicating that erosion along the topmost 
portion of the north side has not progressed much over the seven centuries since the tower was 
built. 
4.3.2 east side
The east side of the Holly Tower support rock has a very flat surface that is regular except 
for a single geological joint which breaks the face in half, a shape that is clearly echoed in the 
shape of the tower foundation. This side of the rock receives a large amount of sunlight, making it 
susceptible to daily freeze-thaw cycling in the winter. However, this side has experienced the least 
amount of slabbing and surficial loss of any of the four major sides of the monolith. This could be 
due to the thickness of the beds on this side, which could relate to its geological formation. 
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A clue to understanding the generally good condition of this side is in one of the least 
harmful conditions recorded in this survey. The east side exhibits many weathered inclusions, 
which give the surface a honeycomb-like appearance and increase the surface area of the stone 
on this side. With this plethora of small holes in the surface, slab formation is less likely given 
that the mineralogical transport is interrupted by the holes and water is less likely to be trapped 
at a consistent distance from the rock’s surface. The weathered inclusions also indicate areas of 
stability, showing the original bottom surface of the geological formation and its static appearance 
over time. 
4.3.3 south side
The south side of the Holly Tower support rock is the longest, as the slope of the canyon 
tilts drastically downwards to the south. A significant portion of this face has experienced surficial 
loss due to slabbing, with the friable, vulnerable surfaces exposed between fifteen and twenty feet 
up from ground level. The south side receives a considerable amount of sunlight in spite of the 
large hackberry tree that sits in front of it, perhaps contributing to the frequency of freeze-thaw 
cycles it experiences in the winter. The hackberry tree and other vegetation contribute a heavy 
amount of organic matter to the base of this side, perhaps creating a build-up of ground moisture 
that is not present to this extent on any other side. Large slabs three inches in thickness have 
formed along the central portion of this face, and the upper portion is stable but is split neatly in 
two by a large, weathered geological joint that runs down the entire face. The exposed, weathered 
portions of the south face exhibit heavy salt deposition in addition to planar scaling and excessive 
friability. This portion of the monolith is extremely undercut by the erosion present on this side, 
yet still manages to support the weight of the masonry tower above it.
4.3.4 west side
The west side of the Holly Tower support rock receives a fair amount of sun on a daily 
basis, with little vegetation blocking it. A dead hackberry tree on this side of the canyon was 
removed in 1999 to protect the rock from any falling branches. A significant portion of this face is 
covered by another large monolith which detached from the west side of the canyon and currently 
abuts the bottom of the west side of the Holly Tower rock. This monolith makes approach difficult 
and prevented the team from examining the interface between the support rock and the soil level 
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on this side.
The west side of the monolith exhibits the largest slabs and is perhaps the most 
worrisome of surface regions in terms of impending loss. One slab approximately fifteen feet 
across, ten feet high, and three to four inches thick is dramatically suspended in the air, attached 
to the support rock by very little and separated from the main body of the monolith by a gap up 
to two inches wide. This side shows the most active episodes of surficial loss, with many small 
slabs of surface fall collecting at the base of the rock. These small pieces of surface fall likely 
correspond to the large-scale delamination processes in motion at the interface between the upper 
slabs and the lower exposed surfaces. There is a clear progression of conditions on this side 
visible between the areas of loss, the areas of delamination that show loss in progress, and the 
impending loss above these two areas in the form of a large slab. 
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chApter 5: AnAlYticAl methodologY 
“There is no way of protecting these surfaces from natural water and wind 
erosion in the exposed sites. Therefore the emphasis must be on consolidating the rock as 
much as possible without changing its physical appearance and without creating a barrier 
to the natural movement of ground water through the rock.”
                   
                             - Mary Griffitts, 19921
Upon analyzing the conditions present on the support rock and identifying erosional fac-
tors such as friability as the first condition to mitigate before other methods of structural repair 
such as pinning or grouting, consolidation was selected for testing. Friability or loss of inter-
granular cohesion is most prevalent where the case-hardened surface has been broken exposing 
a weakened underlying layer of stone.  It is also found in isolated locations such as cavities and 
in individual strata as linear erosion.  All these areas are active and are susceptible to continued 
gradual loss of rock mass. Samples were collected from directly on site in the form of detached 
surface slabs found at the foot of the support rock, and an experimental program was devised to 
treat these samples and assess the physio-mechanical changes imparted to the Dakota Sandstone 
after treatment. 
The testing matrix below (Table 5.1) outlines the analyses and physical tests deemed 
necessary to assess the critical properties relevant to evaluate the performance of the 
consolidation treatment. These include color change, water absorption and drying capabilities, 
water vapor transmission, and strength. 
5.1 samPle PreParaTion
5.1.1 sample collection
During the site visit in October of 2012, microsamples and bulk samples were collected 
from the support rock beneath Holly Tower for evaluation in the Architectural Conservation 
Laboratory at the University of Pennsylvania. The microsamples of one to two grams each 
in weight were collected directly from the face of the rock using a scalpel. The bulk samples 
were not removed directly from the rock, but were collected from apparent rock fall that had 
accumulated at its base. These bulk samples weighed between ten and forty pounds each, and 
1. Mary L. Griffitts, “Preliminary Report on Rock Problems at Hovenweep National Monument,” 1991, 
Hovenweep National Monument Museum Collection. Catalog number HOVE 18721. Collection number 
404. Series 001. File Unit 94C.
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were collected from the west and north faces. 
5.1.2 sample cutting
Two bulk samples were chosen to be cut into 5cm cubes using a water jet guided masonry 
saw at the Fabrication Laboratory at the University of Pennsylvania School of Design. This 
process yielded 22 cubes, of which 16 were chosen for testing purposes. Scrap cubes were then 
cut in the Fabrication Laboratory at the University of Pennsylvania using a water jet guided 
saw with a diamond blade to produce eight square coupons 1cm thick for testing water vapor 
permeability of treated and untreated stone. Two bulk samples were reserved for resistance 
drilling tests. The matrix in Appendix D outlines the size and type of samples collected and cut, 
and the types of tests they were used for in the testing program.
Property Test Standard Preparation/ Equipment Period Size Samples Used
Petrographic Thin 
Section Analysis
Observe physical 
characteristics
rental car, John Walsh's lab 5‐6 weeks 2"x3" 2 to 5 selections
SEM/Energy 
Dispersive 
Spectrometer
Observe 
treatment 
characteristics
treated and untreated bulk sample, 
broken to analyze depth of 
penetration of treatment
1 day variable HOVE N1
Powder X‐Ray 
Diffraction
Ref: Moore & 
Reynolds 1997
oven / mortar and pestle / watch 
glass / industrial blender / glass 
beaker / dispersing agent / 
centrifuge / funnel / filter paper / 
frosted glass slide / petroleum‐
based vacuum grease / weighing 
paper
1 day 10 g sample HOVE N1
Specifying Color 
using Munsell 
System
ASTM D1535
Munsell book of color / gray 
background / daylight / scale and 
color card
1 day surface All
Qualitative 
Identification of 
Salts
Ref: Charola lab 
2012
salt testing strips / glass stirring 
rods and glass beakers / watch 
glasses / Pasteur pipettes.
1 day
1‐2 g surface 
scrapings
microsamples
Capillary 
Absorption and 
Drying Index
Charola: based 
on NORMAL 
11/85, 9/88; 
ASTM C67‐97, 
C948‐94 
Need oven, balance, thin sponges, 
immersion containers, 
chronometers. 
2 days dry + 1 
week test
5cm cube Group A: 8 cubes
Water Vapor 
Transmission
ASTM E96‐96M
Need oven, Scotch Super 33+ ¾ 
inch electrical tape, Paraffin wax, 
hot plate, square dishes, cotton 
balls, desiccator
2 days dry + 3 
weeks test
coupons: 1.5" 
diameter by .5" 
thick
Group B: 8 
coupons
Durability Frost Resistance RILEM V.3
Need oven, freezing chamber, 
special trays, balance, large 
immersion container, thermometer
2 days dry + 3 
weeks test
5cm cube Group C: 8 cubes
Hardness Drilling Resistance Ref: McNabb 
2012
Resistance Drill 1 week 5cm cube Group A: 8 cubes
Depth of 
Penetration
Drilling Resistance Ref: McNabb 
2012
Resistance Drill 1 day bulk samples
HOVE N1     
HOVE W1
Compatibility
Material 
Characterization
Test Matrix for Evaluation of Consolidation of Dakota Sandstone, Holly Tower Boulder
Table 5.1 Testing Matrix
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5.1.3 sample treatment
5.1.3.1 Choice of consolidant
Products chosen for this study include an anti-swelling agent Funcosil® Antihygro and 
an elastified stone consolidant Remmers KSE 300 E. These products were chosen because of 
their reported combined ability to reduce swelling in clay-rich natural stones, and to improve 
the cohesive strength of friable surfaces. The Dakota sandstone is generally a coarse-grained 
rock high in expansive clays, therefore, Remmers KSE 300 E was chosen because of its 
recommended use on medium to coarse-pored stones, preferably sandstones, and because of its 
ability to increase the modulus of elasticity of the substrate with a silica gel deposit rate of 30%.2 
Funcosil® Antihygro is designed to reduce hygroscopic swelling by 40-60%, and does not affect 
the penetration depth or strengthening abilities of other Remmers consolidation products when 
used as a pretreatment.3 
5.1.3.2 Treatment Application Methodology
Treatment was applied to all surfaces of the selected samples perched on a drying 
2.  Thornberry-Ehrlich, “Geologic Resource Evaluation Report,” 7; Remmers, Technical Information Sheet, 
article no. 0616, “Funcosil® Antihygro”.
3.  C. Di Benedetto et al., “The Neapolitan Yellow Tuff and the Vicenza Stone,” 238-247.
Figure 5.1 Detail of treatment procedure using Remmers KSE 300 E.
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assembly, which consisted of a baker’s sheet lined with a sheet protector and a series of glass 
rods that were taped together to allow for drainage. Using a 5cm natural bristle brush, Funcosil® 
Antihygro was applied to the top face of each sample using two quick and even strokes in 
order to saturate the stone. The product was applied in cycles of five applications spaced 1-2 
minutes apart, which allowed adequate time for saturation due to the porous nature of the Dakota 
sandstone. Approximately three cycles were completed per side until refusal (pooling) was 
observed on the horizontal surface, indicating the sample was saturated. The cubes were then 
blotted and turned, and the procedure was repeated on each additional side. The treated samples 
were left overnight in the fume hood and then moved to a tented baker’s rack, where they were 
left to dry for seven days at 72F and 23% relative humidity. 
Following this pre-treatment, the samples were then consolidated with Remmers 
KSE 300E using the same method as described above. After three application cycles of five 
applications each on the first side, the samples were left to sit and observed after 15 minutes 
for signs of refusal. If refusal was not observed, the procedure was repeated. Following five 
applications on the first side, the samples were blotted and turned for application on each 
additional side. Each side received between three and five application cycles. Because of the 
porous nature of the stones, the samples were blotted and weighed between cycles to determine 
if saturation was complete. Following the manufacturer’s instructions, the samples were washed 
with mineral spirits immediately after saturation was achieved and blotted with paper towels. The 
treated samples were left overnight in the fume hood, and then removed to a tented baker’s rack 
where they cured for 28 days at 72°F and 23% relative humidity.   
5.2 cHaracTerizaTion
5.2.1 petrographic analysis
In order to examine the microscopic characteristics of the particular piece of Dakota 
Sandstone that composes the Holly Tower support rock and to confirm the presence of 
mineralogic transport surface hardening, thin sections were created and analyzed. The samples 
were embedded in blue epoxy to highlight the pore spaces within the stone and were sliced, 
ground, and polished to a thickness of 30 microns in order to examine them using transmitted 
light microscopy.
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Two samples were prepared from different faces of the support rock. Sample HOVE.
HT.E1 was taken directly from the east face of the rock, roughly 5 feet above ground level. 
The sample measured roughly 3 inches by 5 inches and was two inches thick. It was covered in 
biological growth and exhibited typical characteristics of the discoloration seen on the majority of 
the monolith. The sample was a portion of a slab which was in the process of detaching from the 
monolith, and removal was not difficult as loss of that piece was imminent. This sample was cut 
perpendicular to the grain in order to examine potential movement of minerals from the center of 
the stone out towards the surface. 
The second sample was named HOVE.HT.N1 and was taken from the north side of 
the monolith. Because the team did not wish to remove more than one sample from the face of 
the monolith, this piece was collected from the ground directly beneath the north face. It was 
observed to be surface fall, and had already fully detached from the face of the monolith. Based 
on the differential weathering observed on the two distinct faces of the sample, one side was 
identified as characteristic of the face of the support rock and was selected as the surface to be 
exposed when preparing the thin section. The sample was cut parallel to the grain in order to 
observe potential mineral migration towards the surface of the rock. The two samples (HOVE.
HT.E1 and HOVE.HT.N1) were brought to Highbridge Materials Consulting, Inc., and were 
observed with transmitted light microscopy in plane light and polarized light using an Olympus 
CX31 Binocular Microscope with the aid of John Walsh.
5.2.2 methylene blue Adsorption
In order to preliminarily detect the presence of expanding clays, a methylene blue test 
was conducted. Methylene blue adsorption is a simple chemical procedure that allows for the 
calculation of the swelling potential of a particular material. Methylene blue is a positively 
charged organic polymeric molecule which replaces the exchangeable cations in the expanded 
clays within a suspended solution.4 Because of this property, it is possible to quantify the amount 
of expanding clays within a given amount of material. It is also possible to identify specific types 
of clay minerals based on the absorption capacity of the minerals, which varies by type.5
4.  E. E. Stapel and P.N.W. Verhoef, “The Use of the Methylene Blue Adsorption Test in Assessing the 
Quality of Basaltic Tuff Rock Aggregate,” Engineering Geology, 26 (1989), 237-38. 
5.  A. Chiappone, S. Marello, C. Scavia, M. Settin, “Clay Mineral Characterization through the Methylene 
Blue Test: Comparison with other experimental techniques and applications of the method,” Canadian 
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5.2.2.1 Methodology
This test was conducted based on the French standard AFNOR NF P 94-068-1998, 
but modified slightly for use with smaller quantities. In order to conduct the methylene blue 
adsorption test, a bulk sample was oven dried to constant mass at 60°C, weighed, ground, and 
weighed again. It was passed through a no. 200 (75 micron) sieve and the fines were collected. 
Approximately two grams of fines were mixed with 20 mL of deionized water and stirred with a 
glass rod until the mixture was in suspension. Methylene blue solution mixed at 10g/L was added 
to this mixture in quantities of 0.5 mL and stirred to suspension to allow the methylene blue 
molecules to coat the expansive clay particles, and with each addition of 0.5 mL a drop of the 
suspension was placed on filter paper, producing a dark blue stain. 
The procedure was repeated until a light blue halo formed around the dark stain of the 
suspension, indicating that the clay solution was oversaturated with methylene blue. Upon the 
appearance of a halo, no further drops were applied to the filter paper and the halo was checked at 
1 minute intervals to ensure stability. After the final halo lasted over 5 minutes, the procedure was 
complete and the final amount of methylene blue used for the experiment was recorded. 
Geotechnical Journal, v. 41: 1172. 
Figure 5.2: Experimental setup for methylene blue testing in Architectural Conservation Laboratory.
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5.2.2.2 Calculations
The activity index (V
B
) of the clay minerals was calculated as follows:
 V
B
 = V • 0.01 • 100 / W
where: V
B
 = the activity index of the material in g/100g,
V = volume of methylene blue solution used, 
0.01 = the concentration of the methylene blue solution, and
W = the dry weight of the sample used.
Following this calculation, which indicates the amount of methylene blue adsorbed by the 
clay minerals, the total active surface of the particles is determined:
Sa = (VB/100) • (N/WMB) • (130 • 10
-20)
where: Sa = total active specific surface (m
2/g),
V
B
 = the active index of the material,
N = Avogadro’s number (6.02 • 1023), and
W
MB
 = the molecular weight of methylene blue (320 g). 
This value has been found to range from 20 m2/g to 800 m2/g for clay minerals, and from 
1 m2/g to 4 m2/g for inert materials. 
5.2.3 X-ray diffraction
Powder X-Ray Diffraction is a method of identifying crystalline compounds found in a 
particular material. This technique is often used for the identification of clay minerals, because 
different types of clays have different crystalline structures. Clay minerals are often products of 
chemical weathering of soils present in sedimentary rocks, and each clay mineral has a particular 
regularity in its crystalline structure that is detectable by X-Ray Diffractometry. Identifying the 
particular types of clays present will help to understand the weathering processes occurring on the 
sandstone because each type of clay has a different swelling behavior when saturated.
The powder sample for X-Ray Diffraction was prepared following the procedure outlined 
in Moore and Reynolds’ X-ray Diffraction and the Identification and Analysis of Clay Minerals 
(1989).6 A small sample taken from rock fall on the north face of the support rock was chosen for 
6.  Duane Milton Moore and Robert C. Reynolds, “Sample Preparation Techniques for Clay Minerals,” in 
X-ray Diffraction and the Identification and Analysis of Clay Minerals, Oxford University Press, 1989, 
Chapter 6.
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this procedure, which was a remnant of one of the samples cut into cubes for physio-mechanical 
testing. This sample was used because it was known to come directly from the outer crust of the 
rock and because it was observed to contain a great deal of clay between its bedding planes. 
5.2.3.1 Methodology
First, the sample was oven-dried to constant mass and ground. Aggressive grinding was 
avoided in order to keep the elements in their present crystalline phases and to avoid further 
reduction in grain size; instead, the samples were carefully crushed by impact. The sample was 
passed through a number 200 sieve to yield particles less than 75 microns in diameter, then 
through a number 400 sieve to yield particles less than 38 microns in diameter. It was also passed 
through a number 500 sieve to yield particles less than 25 microns in diameter, but after 15 
minutes of sieving this process did not yield sufficient fines to cover a glass slide for analysis. 
The goal with sample preparation for X-Ray Diffraction is to apply the mixture with the 
most random grain orientation as possible. This was done by applying petroleum-based vacuum 
grease to a frosted slide and sprinkling the prepared powder onto the greased slide. The sample 
was wrapped in weighing paper and transported in a sealed container for analysis. The X-Ray 
Diffraction procedure was performed at the Laboratory for Research on the Structure of Matter 
Figure 5.3: Rigaku Powder Diffractometer at the Laboratory for Research on the Structure of Matter, 
University of Pennsylvania.
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at the University of Pennsylvania on a Rigaku Powder Diffractometer by Steven Szewczyk at the 
School of Sciences and Engineering. 
5.2.4 color measurement
Color measurements were taken according to ASTM D1535, which specifies color using 
the Munsell System. The samples used for this test were 5 cm cubes and 5 cm x 0.2 cm coupons 
that were treated and cured. The purpose of this test was to determine color change after the 
application and cure of Remmers Antihygro and KSE 300E.
5.2.4.1 Methodology
The Munsell color order system is limited to opaque objects viewed in daylight by 
a viewer with normal color vision, and describes color using three basic components: value, 
chroma, and hue. Each sample was placed on a light gray, neutral background where it was 
uniformly illuminated by daylight, and was positioned so minimal light reflection occurred off the 
surface of the sample. Munsell constant-hue charts were selected that were most similar to that 
of the specimen, and chips were selected first based on value (V), then chroma (C), then hue (H). 
The final selected value for each sample was recorded in the form HV/C. 
Figure 5.4: Detail of color matching using Munsell System.
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5.2.5 soluble salts 
Soluble salt identification was performed on efflorescence scrapings taken from the 
support rock during fieldwork. Between 5 and 9 microsamples were collected from each side of 
the rock at various heights and latitudes associated with visible evidence of salt deposition. These 
microsamples could only be collected up to 6 feet above ground level due to height restrictions, 
which often coincided with areas experiencing salt damage and friable surfaces. Soluble salts 
within a stone substrate will dissolve in water and migrate to the surface of the stone via capillary 
action, and as water evaporates the salts will crystallize on and sometimes beneath the surface. 
Semi-quantitative analysis using indicator strips identify the type and relative quantity of salts 
present.
5.2.5.1 Methodology
Identification of salt ion presence was performed using various commercial ion strips: 
EM Quant strips were used to test for sulfates, HACH QuantLab strips were used to test for 
chlorides, and HACH Aquacheck strips were used to test for nitrates and nitrites. 1-2 gram micro-
samples were oven-dried at 60°C to constant mass, weighed, and then mixed with deionized 
water. In order to conserve sample material, very small aliquots were prepared at a ratio of twenty 
to one, water to crushed sample. The mixtures were added to glass test tubes, swirled, and left to 
settle for one hour. The clear solution in the test tube was extracted using a Pasteur pipette and 
applied to the commercial ion strips, following instructions for each specific product. The semi-
quantitative values obtained were then used to determine the presence or absence of each salt ion 
present within each sample. 
5.3 TreaTmenT evaluaTion
5.3.1 capillary water absorption
The capillary water absorption testing program performed was based on a number of 
test standards, including NORMAL 11/85, 7/81, and 29/88; ASTM C67-97 and C948-94; ARC 
Laboratory Handbook; and ICCROM 1999. The purpose of this test is to determine changes in 
capillary water absorption between the untreated stone and the treated stone samples. Ideally, 
consolidation should not impart any major changes in water absorption rates onto the stone in 
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order to be considered a compatible treatment. 
5.3.1.1 Methodology
Capillary water absorption testing was performed on eight 2-inch cubes: four untreated 
samples and four samples treated with Remmers Antihygro and KSE 300E. First, the samples 
were oven-dried at 60°C and cooled to room temperature, and their dry weights were obtained. 
Each sample was placed with bedding planes oriented horizontally in an airtight container on 
a thin sponge cloth that was saturated with deionized water, and upon contact between sample 
and water a timer was started. Each sample was taken out of the container, lightly patted dry, 
and weighed every five minutes for the first half hour, every 15 minutes for the second half hour, 
every 30 minutes for the next two hours, and every hour after that until the sample reached an 
asymptotical water absorption value.  Immediately after weighing each sample it was replaced in 
its container and covered with an air tight lid to prevent evaporation, and water was added to the 
container as needed to keep the sponge saturated. After the last weighing the sample was totally 
immersed in water for 24 hours, lightly patted dry and a final weight was obtained. 
5.3.1.2 Calculations
The final values obtained provided calculations that gave a total imbibition capacity for 
each sample and a percentage value for the porosity of each sample. The capillary absorption 
values were used to calculate the amount of water absorbed per unit surface MI (g/cm
2) and were 
plotted over the square root of time to produce an absorption curve. The initial slope of the curve 
was used to calculate the capillary absorption coefficient. The final weights of the samples after 
total immersion were used to calculate total imbibition capacity, which was determined by a ratio 
of 
[Wmax-Wdry] / Wdry
5.3.2 drying index
The drying index testing program performed was based on a number of test standards, 
including NORMAL 11/85, 7/81, and 29/88; ASTM C67-97 and C948-94; ARC Laboratory 
Handbook; and ICCROM 1999. The purpose of this test is to determine changes in drying 
behavior between untreated stone and the treated stone samples. Because allowing water to 
evaporate is such an important quality for porous materials and especially rock in its natural 
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context, it is important for the consolidant to allow the same evaporation rate as is present on the 
untreated stone. 
5.3.2.1 Methodology
Following the capillary water absorption tests, the same samples were placed on a 
balance to dry and weight values were taken every 3 minutes for the first 15 minutes, then every 
5 minutes for the next 15 minutes.  Then the samples were placed on a rack and weighed every 
10 minutes for another hour, every 30 minutes for the next two hours, and every hour afterwards 
until the asymptotical values were obtained. After the last measurement, the samples were placed 
in an oven and dried at 60°C to obtain the dry weights, which were compared to the original dry 
weights of the samples from the beginning of the tests for capillary water absorption. The values 
obtained from this experiment provided drying rate curves for each sample, which allowed the 
Critical Moisture Content of each sample to be calculated. 
5.3.2.2 Calculations
The water content (Ut) of the samples was calculated as the initial weight of the saturated 
sample less the final dry weight of the sample. The moisture content (Y) was then calculated as 
follows:
Y = (Ut-Volsample) (g/cm
3)
Following testing, the drying rates were expressed in graphical form by calculating the 
moisture content of the stones and plotting them against time.
5.3.3 water vapor transmission
The water vapor transmission testing program performed was based on ASTM 96-
96M: “Standard Test Methods for Water Vapor Transmission of Materials,” and utilized the 
Water Method as opposed to the Desiccant Method.  The purpose of this test was to determine 
changes in water vapor permeability between untreated samples and those treated with Remmers 
Antihygro and KSE 300E. Water vapor permeability can affect the drying performance of the 
stone, and this test reflects a common phenomenon where the interior of the stone is more humid 
than the environment on the exterior. This phenomenon is exacerbated in monoliths where 
groundwater can be trapped on the inside in very large quantities and require constant evaporation 
in order to escape. A successful consolidation treatment will impart no major or minor changes in 
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water vapor transmission on the stone.
5.3.3.1 Methodology
This test utilized eight samples measuring 5cm by 5cm by 1cm, in the shape of square 
coupons sliced from 5cm cubes. Special testing dishes were previously fabricated at the School 
of Design Fabrication Lab at the University of Pennsylvania to accommodate square coupons for 
this experiment, and these dishes were utilized during this procedure. The dishes were comprised 
of a square glass dish with an acrylic top adhered to the glass container with 3M-silicone sealant, 
equipped with a 5cm square opening at the top to accommodate the samples. 
The test dishes were filled with 50 mL of distilled, and cotton balls were placed within the 
dishes to prevent condensation on the sides of the container, which could affect the water vapor 
transmission rates. The sample coupons (oven-dried to constant mass at 60°C) were wrapped 
three times around the perimeters with 3M Super 88 Vinyl Electrical Tape to prevent transmission 
out of the edges of the sample. They were then attached to the tops of the test dishes with hot 
paraffin wax, taking care to avoid an overlap of more than 1/8 inch to ensure test accuracy. 
The test assembly was weighed initially and placed in a desiccating chamber that was 
kept at a constant temperature of 20-25°C and a constant humidity of 50%. Since weight may 
Figure 5.5: Testing assemblies for water vapor transmission testing.
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change rapidly at first, the test assembly was weighed at elapsed times of 15, 30, 60, 120, and 180 
minutes, then every hour for the next two hours, and every day afterwards until an asymptotical 
value was reached. The data points recovered were used to calculate the water vapor resistance, 
the permeance, and the permeability of each test specimen.
5.3.3.2 Calculations
The water vapor transmission rates of the samples were calculated as a function of weight 
change per area over time, and were expressed as follows:
WVT = G/tA = (G/T)/A
where: G = weight change (from a straight line), g,
t = time, h,
G/t = slope of the straight line, g/h,
A = test area (sample area), cm2, and 
WVT = rate of water vapor transmission, g/h cm2.u
Permeance of the stones was calculated as follows:
Permeance = WVT/S (R1 - R2). 
where: S = saturation vapor pressure at test temperature, mm Hg (1.333 x 102 Pa)
R1 = relative humidity at the source expressed as a fraction (100% in the dish for water 
method)
R2 = relative humidity at vapor sink expressed as a fraction (in the chamber for water 
method)
From this value, permeability of the stone was calculated as follows:
Permeability = permeance • thickness
5.3.4 frost resistance
The frost resistance test measures a material’s ability to withstand repeated freeze/thaw 
cycles. Based on the climatic variation that the Holly Tower support rock experiences every 
winter, it is important to test the changes that Funcosil Antihygro and Remmers KSE 300 E will 
impart to the performance of the stone under similar conditions. Ideally, the treatments used will 
diminish the amount of deterioration after continuous freeze-thaw cycling. The testing program 
performed was based on RILEM V.3 “Frost Resistance” and was performed on 2” cubes as 
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opposed to the standard slender prisms called for in the standard. The sample set used for this 
experiment was comprised of four treated cubes and four untreated cubes.
5.3.4.1 Methodology
The samples were oven dried to constant mass and immersed in deionized water at a 
temperature of 20°C to 30°C for six hours. After this initial immersion period, the samples were 
taken out, blotted on a damp paper towel, and weighed in air and hydrostatically. Their apparent 
volume was also taken by immersing the samples in a beaker of a known volume of water. The 
samples were then placed in a freezing chamber at a temperature between -11°C and -17°C 
for six hours as recommended in the standard, and immersed again in cold water for six hours. 
The twelve hour cycle of freezing and then thawing in water was repeated twice daily. After 
every four cycles the samples were weighed in air and hydrostatically. During each cycle, the 
temperature of the water in the immersion tank and the temperature of the freezing chamber were 
monitored. The samples experienced a total of 40 cycles before their final examination. 
The frost resistance of each sample was determined visually and by calculation of bulk 
volume. The samples were photographed before and after the course of the experiment.
Figure 5.6: Frost resistance samples in freezer. Note test assemblies consisting of plastic planter boxes for 
adequate drainage when removing samples from immersion container.
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5.3.4.2 Calculations
Bulk volume was defined as the difference between the mass of the specimen in air (Ma) 
and the mass of the specimen in water (Me), and was calculated as follows:
V in % = (Ma0 - Me0) – (Man - Men)
  (Ma0 - Me0)
Where V in % = the reduction in volume in percentage
Ma0 = mass of specimen in air after 6 hours of immersion
Me0 = mass of specimen in water after 6 hours of immersion
Man = mass of specimen in air after n cycles
Men = mass of specimen in water after n cycles
5.3.5 drms resistance drill
The DRMS (Drilling Resistance Measurement System) has emerged over the past two 
decades as a valuable tool for the evaluation of stone strength properties. DRMS measures the 
force that is necessary for the drill bit to achieve a certain depth over time, while the rotation 
speed and penetration rate are held constant. The force is measured using a load cell with a 
resolution of ± 1N and is expressed as a function of penetration depth into the material.7 This 
method of assessment is useful in identifying previous treatments, in measuring the homogeneity 
of a material, and in evaluating the performance of consolidation treatments, and can be used in a 
laboratory setting and in situ.8 
5.3.5.1 Methodology
The DRMS Resistance Drill was used for two purposes. First it was used to assess the 
differences in strength between the treated Dakota Sandstone and the untreated stone. This testing 
was performed on the cube samples that were also used for water absorption testing. The samples 
were drilled upon completion of the water absorption testing in order to assess the strength of the 
untreated wet stone and to measure the changes imparted to the consolidant treated stone. At the 
completion of the water absorption testing and drilling the drying index or desorption rate was 
calculated after which the same stones were oven dried to constant mass, weighed to ascertain 
7.  M. Pamplona, M. Jocher, R. Snethlage, and L. A. Barros, “Drilling Resistance: Overview and Outlook,” 
in Z. dt. Ges. Geowiss, Stuttgart, September 2007, 667.
8.  J. Delgado Rodriguez and D. Costa, “A New Method for Data Correction in Drill Resistance Tests for 
the Effect of Drill Bit Wear,” in International Journal for Restoration, 10:3 (2004), 2. 
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their final, dry masses, and drilled again to assess strength differences between treated and 
untreated samples on dry stone. 
The experimental program employed a 7/32” carbide tip drill bit with the following 
drilling parameters:10 mm/minute advancing speed, to a depth of 10 mm. Wet samples were 
drilled with a rotational speed of 600 rpm, and dry samples at 1000 rpm. Each cubic sample was 
drilled twice perpendicular to the grain and twice parallel to the grain, and these values were 
averaged to obtain normalized results. 
The drill was also used to determine depth of penetration of the consolidant into the 
stone. This was done using 1000 rpm and 10 mm per minute, to a depth of 30 mm. Four surfaces 
were tested for penetration depth, with five holes being drilled into each surface. Sample HT.BS1, 
rock fall from the west side of the support rock, was divided in half using a paraffin wax barrier 
to prevent consolidant surface migration and was treated on one side, leaving the other side 
untreated. This sample was drilled perpendicular to the bedding through a discolored crust. 
Sample HT.BS2, also rock fall from the west side of the support rock, was also divided in half 
using a paraffin wax barrier, and was also coated on either side with wax to prevent treatment 
Figure 5.7: DRMS Resistance Drill by SINT Technology, with sample in sample holder.
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from entering the stone from the sides. This was done in order to ensure accurate penetration 
depth parallel to the grain, not perpendicular. This sample was drilled parallel to the grain, with 
five holes in the treated half and five holes in the control. All samples were drilled dry.
5.3.6 scanning electron microscopy
Scanning Electron Microscopy (SEM) is a visual and elemental analysis technique that 
breaks the barrier of human optical limits. The Scanning Electron Microscope is able to focus up 
to 1.5 million times magnification, and can produce images with tremendous depth of field and 
surface contour information. The device produces data using an electron beam, which bounces 
electrons in a grid pattern over the surface of the sample and collects the backscattered electrons 
through the use of a series of magnetic lenses. Information is collected in order of lowest to high-
est energy by second-order electrons, backscattered electrons, and x-rays, providing information 
about depth, contour, and elemental composition. The result is a high definition, grayscale image 
of the sample surface generated from the electron beam. 
Electron Dispersive Spectroscopy (EDS) takes this process a step further by detecting the 
energy emitted as x-rays excite electrons throughout the sample chamber, detecting the presence 
of specific elements because each element reflects a different number and rate of electrons when 
excited. EDS can be used to create a dotmap for a particular sample, showing the distribution of a 
selection of elements across the surface. For the purposes of this study, SEM will help to visual-
ize the effects of consolidation within the individual pores and grain boundaries of the stone, and 
EDS will help to determine depth of penetration of the consolidant by examining a cross section 
of a treated sample.
5.3.6.1 Methodology
Scanning Electron Microscopy was performed at the Laboratory for Research on the 
Structure of Matter at the University of Pennsylvania on an FEI Quanta 600F Environmental 
Scanning Electron Microscope (ESEM), which was operated by Jaime Ford. This ESEM allows 
the sample chamber to be filled with water vapor, increasing the conduction of the electron beam 
and providing a very clear scan without the necessity of carbon coating the samples. Contour 
images of the surfaces of treated and untreated samples were acquired at magnifications ranging 
from 70 to 5000 times. EDS was performed on a cross section of a treated sample HT.BS.2 in  
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order to assess depth of penetration by attempting to detect tin, the catalyst present in Remmers 
KSE  300 E. This technique was also used to characterize the elements present in the crust as 
compared to the core of the sample’s cross section.
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chApter 6: results And observAtions
“The use of modern materials and techniques must be supported by 
firm scientific evidence or by a body of experience.”
                            - The Burra Charter, 19991
6.1 cHaracTerizaTion
6.1.1 petrographic analysis
6.1.1.1 Discussion
The Dakota Sandstone of the Holly Tower support rock is comprised of large, well-
sorted, rounded quartz grains within a very weathered, porous, and fine-grained calcite matrix. 
Throughout the matrix are scattered ferrous inclusions, possibly iron oxides, which appear to 
have weathered over time and been replaced in part by calcite.2 In examining the crust of sample 
HT.E1 which was taken directly off the face of the monolith, a higher-order, calcite-rich sub-crust 
was observed, covered by a substantial layer of lower-order needle-like crystals that resemble 
gypsum. A quick stain for sulfates using barium chloride potassium permanganate yielded 
positive results on the crust of a small piece of stone from this sample, further supporting the 
observation that the hard crusts are formed by the dissolution and recrystallization of gypsum  
1. The Burra Charter: The Australia ICOMOS Charter for Places of Cultural Significance, 1999, 3.
2.  “Recent/Ongoing Architectural Data Gathering and Analysis,” no date, Hovenweep National Monument 
Museum Collection. Catalog number HOVE 18721. Collection number 404. Series 001. File Unit 94C.
Figure 6.1: Petrographic thin sections with transmitted light on the left and polarized light on the left, 
showing top crust as a higher order of anisotropism (gypsum) than sub crust (calcite). Olympus CX31 
polarizing microscope, 400x.
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Figure 6.2: Thin section image showing voids near surface and characterization of stone. 80% 
of st one consists of coarse quartz grains. Heavy, dark mineralic inclusions shown, likely iron 
oxide. Blue indicates voids. Olympus CX31 polarizing microscope, 4x.
Figure 6.3: Larger view of Figure 6.2, showing dissolution of cementitious matrix within voids 
and microcracks within intergranular boundaries. Note darker color of crust on top of sample 
compared to the cementitious matrix of the core. Olympus CX31 polarizing microscope, 10x.
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originating from groundwater or from within the sandstone itself.3 
As observed in Figure 6.4, the stone is failing along the grain boundaries as evidence 
by intergranular separation. The weakest link in the stone assembly is the low degree of 
cementation within the matrix, and as the calcite within the matrix dissolves and migrates to the 
surface, it leaves behind a weakened inner core that is porous and easily cracked. Clays were not 
observed using this technique because the clay particles are too fine to be viewed at the levels of 
magnification possible on a transmitted light microscope.
6.1.2 methylene blue Adsorption
6.1.2.2 Discussion
The sample that was analyzed for methylene blue adsorption was taken from HT.N1, 
surface fall on the north side of the support rock. The sample was ground, sieved, and weighed 
with 114.66 grams yielding 4.30 grams of fines less than 75 microns in diameter. The fines were 
calculated to have an activity index of 6.83 g/100g, but this number cannot be matched to a 
3.  A. B. Poole and A. Thomas, “A staining technique for the identification of sulphates in aggregates and 
concretes,” Mineralogical Magazine, September 1975, vol. 40, 315-16. 
MILLIMETERS
4 MM THICK LAMINA
OUTER CRUST OF SLAB BIOLOGICAL GROWTH
INNER CRUST ALONG DETACHED SLAB
N
Figure 6.4: Thin section HOVE.HT.E1 cut perpendicular to bedding planes, annotated to show weathering 
patterns and void formation. Blue dye impregnation denotes empty space. Leica, transmitted light, scale 
marked on photograph. Leica MZ16 stereoscope, 2x.
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particular type of clay because clays (defined as particles <2µm in diameter) were not specifically 
separated from the fines (sieved to <75µm). The material was calculated to have a total active 
surface area of 167.02 m2/g, a number that is well within the range of 20 m2/g to 800 m2/g 
for swelling clays. It is possible that this particular sample of Dakota Sandstone is a mixture of 
various clay minerals, which the methylene blue adsorption test alone cannot detect. This test 
succeeded in detecting the presence of swelling clays and provided a semiquantitative analysis 
of the amounts and total active surface. X-ray diffraction was conducted to determine the exact 
species of clay minerals present. 
6.1.3 X-ray diffraction
6.1.3.2 Discussion
The sample prepared using powder between 25 µm and 38 µm in diameter yielded the 
clearest results using X-Ray Diffraction. Analysis of the resultant spectragram using X’Pert High-
Score Plus software to identify compounds present suggests the sample contains 38% quartz, 58% 
kaolinite, and 4% calcite (see Appendix I for additional images generated from X’Pert HighScore 
Plus). The high amount of quartz is expected in sandstone, especially considering the bulk vol-
Figure 6.5: Filter paper showing methylene blue results. Red arrow marks blue halo, indicating saturation 
of the clay solution with methylene blue dye at 13.5 mL.
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ume of the stone before sieving contains almost entirely quartz grains. The degree of weathering 
that the stone has experienced over time likely contributes to the small grain sizes of the quartz 
minerals that would have allowed them to pass through a 38 µm sieve; additionally, the sample 
could have been ground or sieved too aggressively, eroding some quartz grains into finer par-
ticles. The trace amounts of calcite present confirm previous detection of the mineral in the matrix 
of the sandstone via thin section microscopy. 
Expansive clays were detected in the sandstone through methylene blue adsorption, how-
ever the amount of material that passed through the 38 µm sieve was found to consist of 58% ka-
olinite, a type of clay mineral that is known to be relatively inert or low in expansive properties.4 
This suggests that the clay minerals present at Holly Group may not be as reactive as previously 
thought by methylene blue testing, however further testing is required to confirm this. Com-
pounds making up under 10% of a given material are not easily detected through XRD, and the 
smallest particles which were sieved through a 25 µm sieve were not numerous enough to cover a 
glass slide for XRD, therefore they were not analyzed. The spetragram shows a very strong match 
to kaolinite as indicated by the vertical blue lines which match up consistently with the sample’s 
curve. Low, broad peaks as the one farthest to the left are characteristic of clays. The highest peak 
around 27° indicates quartz.
6.1.4 color measurements
6.1.4.2 Discussion
Because of the natural variations in color imparted on the support rock by variation in 
strata and location, samples in each cohort were paired with samples in the other cohort based on 
area of origination. Roughly two thirds of the cubes used in the experimental program originated 
from surface fall on the west side, and the remainder originated from surface fall on the north 
side. Samples were cut with crust and without crust depending on the thickness of the bulk 
sample, therefore the color values for the crusts were analyzed as well in order to measure color 
change imparted by the treatment procedure to all possible surfaces.
After curing the treated samples for 28 days, it was found that the combination treatment 
4. Margaret D. Foster, “The Relation between Composition and Swelling in Clays,” Clays and Clay 
Minerals, 1954 (3:1), 205-220.
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of Funcosil Antihygro and Remmers KSE 300 E imparted minimal color changes to the samples. 
The cores of the samples from the west side were light gray in color (Munsell color code 
10YR7/2) before and after treatment. The crusts of these samples became slightly lighter in color 
after treatment due to the formation of a whitish residue on the surface that was not able to be 
removed after treatment. The crust colors changed from pink (7.5YR7/4) or very pale brown 
(10YR7/3) to light gray (10YR7/2).
The cores of the samples from the north side were slightly more yellow in color than 
those from the west, with values ranging from very pale brown to light yellowish brown 
(10YR6/4). These values did not change significantly after treatment. Therefore, it was 
determined that the treatment of Funcosil® Antihygro® and Remmers KSE 300 E did not 
significantly alter the color of the core of the samples, but did lighten the colors of the various 
crusts that have formed on the monolith. The exposed, friable surfaces of the support rock that 
are candidates for this consolidation treatment have not yet formed crusts and are more likely to 
Figure 6.6: Sample suite for testing program before treatment on right, and after treatment on left, 
adjusted using color card.
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resemble what this thesis is calling the core surfaces of the representative samples.
6.1.5 Salt identification
6.1.5.2 Discussion
Representative samples were chosen for semi-quantitative salt analysis in order to best 
represent different faces and heights around the support rock. Chlorides, sulfates, and nitrates 
were all detected in all samples taken directly from the face of the rock. Chlorides and nitrates 
were detected as present in the soil at the monolith’s base, but these soil samples did not yield 
positive results for sulfates.  It is therefore likely that the sulfates are a component of the rock or 
an alteration of the calcitic cement.
6.2 TreaTmenT evaluaTion
Samples were left to cure for 28 days prior to commencement of the testing program. 
NAME SIDE HEIGHT ABOVE GRADE  NOTES SO4 Cl‐ NO3 NO2
MS02 South 5' salts Yes Yes Yes No
MS09 South 0' basal soil No Yes Yes No
MS12 West 3' (above rockfall) salts Yes Yes Yes No
MS13 West 5‐6' (above rockfall) salts Yes Yes Yes No
MS21 North 4‐6' salts Yes Yes Yes No
MS25 North 0' soil at grade No Yes Yes No
MS31 East 1' salts Yes Yes Yes No
MS34 East 4' salts Yes Yes Yes No
Microsamples Salts Present
Table 6.1: Salt identification results, showing sample name, location, and types of salts present.
SAMPLE VOLUME SA SA side A SA side C WEIGHT 1 DENSITY 1 WEIGHT 2 DENSITY 2
A1.1 119.13 145.53 22.42 240.99 2.02
A1.2 120.64 146.68 22.91 246.65 2.04
A1.3 109.14 137.13 23.40 227.54 2.08
A1.4 149.61 169.15 27.59 310.90 2.08
A1.5 133.15 156.50 274.39 2.06
A1.6 112.66 140.04 230.86 2.05
A1.7 121.85 147.52 252.13 2.07
A1.8 124.49 149.65 256.19 2.06
A2.1 25.75 72.44 26.14 52.50 2.04
A2.2 25.15 73.19 26.90 50.69 2.02
A2.3 26.41 75.66 27.82 54.01 2.05
A2.4 26.77 74.58 27.08 54.08 2.02
B1.1 122.46 148.56 21.81 247.72 2.02 262.54 2.14
B1.2 121.05 146.91 23.23 247.50 2.04 258.25 2.13
B1.3 109.41 137.29 23.26 226.96 2.07 233.52 2.13
B1.4 125.51 150.41 25.36 260.82 2.08 269.29 2.15
B1.5 126.49 151.15 260.67 2.06 269.48 2.13
B1.6 116.69 143.38 238.30 2.04 252.49 2.16
B1.7 117.76 144.17 242.72 2.06 251.24 2.13
B1.8 109.27 137.17 224.87 2.06 237.20 2.17
B2.1 27.49 75.15 27.08 56.06 2.04 58.02 2.11
B2.2 25.81 72.38 26.14 52.03 2.02 53.47 2.07
B2.3 26.46 73.60 26.54 54.12 2.05 55.64 2.10
B2.4 27.01 73.40 26.10 54.56 2.02 56.44 2.09
Sample Weight 1 Weight 2 Amt gained % gained
B1.1 247.72 262.54 14.82 5.98
B1.2 247.50 258.25 10.75 4.34
B1.3 226.96 233.52 6.56 2.89
B1.4 260.82 269.29 8.47 3.25
B1.5 260.67 269.48 8.81 3.38
B1.6 238.30 252.49 14.19 5.95
B1.7 242.72 251.24 8.52 3.51
B1.8 224.87 237.20 12.33 5.48
B2.1 56.06 58.02 1.96 3.50
B2.2 52.03 53.47 1.44 2.77
B2.3 54.12 55.64 1.52 2.81
B2.4 54.56 56.44 1.88 3.45
Sample weights before and after treatment
Table 6.2: weight gain of all samples after treatment.
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During this time, the consolidant was allowed to dry and crystallize. Upon weighing the treated 
samples it became apparent that each sample gained an average of ten grams during the treatment 
process. This suggests that the ethyl silicate consolidant was indeed deposited within the porous 
network of the stone. 
6.2.1 capillary water absorption
6.2.1.2 Discussion
The test for capillary water absorption lasted ten days. The untreated samples (samples 
A1.1-A1.4) absorbed water at a fairly high rate, with the majority of water gained within the first 
three hours of testing. The samples treated with Funcosil® Antihygro® and Remmers KSE 300 
E absorbed water much more slowly, reaching an asymptotical value by day 4. While it is to be 
expected that treated samples will have slower rates of absorption due to solids deposition as well 
as temporary hydrophobicity of the consolidant, the differences noted in this testing program 
were rather large. This can be explained by the high porosity of the Dakota Sandstone that was 
tested, which absorbed the treatments very quickly and completely. What is notable is that while 
the treatment changed the water absorption response of the stone, it did not render the surface of 
the stone completely impermeable to water. 
HOURS A2.1 A2.2 A2.3 A2.4 B2.1 B2.2 B2.3 B2.4
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.25 ‐0.01 0.01 ‐0.01 ‐0.01 0.00 ‐0.01 ‐0.03 ‐0.01
0.5 0.00 ‐0.01 ‐0.02 0.00 0.00 ‐0.02 ‐0.02 ‐0.02
0.75 0.00 0.00 ‐0.02 ‐0.01 0.01 ‐0.02 ‐0.02 ‐0.02
1 0.00 0.01 ‐0.01 0.00 0.00 ‐0.01 ‐0.02 ‐0.01
1.5 0.00 0.02 ‐0.01 0.00 0.00 ‐0.02 ‐0.04 ‐0.02
2 0.01 0.02 0.00 0.01 ‐0.01 ‐0.02 ‐0.03 ‐0.01
3 0.01 0.04 0.00 0.02 ‐0.01 ‐0.03 ‐0.03 ‐0.02
4 0.02 0.07 0.03 0.03 0.00 ‐0.02 ‐0.02 ‐0.02
17.5 0.25 0.30 0.25 0.26 0.07 0.06 0.05 0.05
24 0.33 0.41 0.34 0.35 0.12 0.12 0.10 0.10
48 0.64 0.75 0.69 0.68 0.28 0.28 0.23 0.25
72 0.92 1.07 0.98 0.98 0.45 0.46 0.40 0.41
96 1.26 1.46 1.36 1.33 0.70 0.71 0.63 0.62
120 1.56 1.81 1.71 1.68 0.89 0.90 0.82 0.80
144 1.85 2.15 2.01 1.98 1.04 1.08 1.00 0.96
168 2.17 2.51 2.34 2.27 1.26 1.27 1.19 1.14
192 2.42 2.81 2.64 2.57 1.42 1.44 1.33 1.27
216 2.78 3.21 3.00 2.91 1.62 1.65 1.57 1.47
240 3.22 3.64 3.39 3.31 1.91 1.93 1.84 1.73
264 3.55 4.04 3.77 3.69 2.11 2.14 2.05 1.92
288 3.90 4.40 4.11 4.00 2.31 2.35 2.26 2.13
312 4.20 4.72 4.45 4.30 2.49 2.53 2.41 2.26
336 4.57 5.14 4.86 4.68 2.75 2.78 2.66 2.49
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Graph 6.2: Water absorption via capillary action and total immersion. Immersion marked by 
solid arrow, broken arrow indicates time at which water infiltrated pores that were not reached 
by consolidation treatment.
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On day 10, after each curve had leveled off and asymptotical values had been recorded 
for at least three successive measurements, the samples were fully immersed in deionized water 
in order to attain final weights for calculation of imbibition capacity and percentage of porosity. It 
was found that, on average, imbibition capacity values for the treated set of stones (approximately 
4%) were approximately half  the values for the untreated set (approximately 8%). The 
percentage of open porosity was consistent with these findings, with treated stones averaging 
8.85% of total volume, and untreated stones averaging 16.96%. See Appendix E for calculations 
of imbibition capacity and porosity.
On the fourth day of submersion, the treated samples began to uptake water at a faster 
rate than they had been absorbing previously. It is likely that this sudden change in absorption 
behavior is due to penetration depth of the consolidant. Upon reaching this depth, water began to 
move more freely into the unconsolidated central core of the stone. 
6.2.2 drying index
6.2.2.2 Discussion
Upon conclusion of the water absorption testing and drilling resistance of the same 
samples while wet, the samples were dried for a period of five days and measured at constant 
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Graph 6.3: Graph showing drying behavior of treated (A1.1-A1.4) and untreated (B1.1-
B1.4) stone.
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intervals. During this time all samples reached an asymptotical value, at which point they were 
placed in an oven for two days at 60°C to obtain final dry weights. Drying rate was graphed as a 
function of time in minutes.
Comparison of the drying curves of the treated and untreated sample groups shows 
that the initial drying rate of the treated samples was 7% slower than that of the untreated. The 
untreated stones took one and a half days longer to reach their asymptotical values. By the fourth 
day all eight samples had reached asymptotical values.
6.2.3 water vapor transmission
6.2.3.2 Discussion
Water vapor transmission testing continued for a period of 20 days. During this time, the 
test chamber was maintained at an average relative humidity of 51% and an average temperature 
of 21.5°C in accordance with the testing recommendations outlined in ASTM 96-69M. As shown 
in Graph 6.4, the sample dishes steadily lost weight over time, with the treated samples trans-
mitting water vapor at approximately half the rate of the untreated samples. Water transmission 
HOURS A2.1 A2.2 A2.3 A2.4 B2.1 B2.2 B2.3 B2.4
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.25 ‐0.01 0.01 ‐0.01 ‐0.01 0.00 ‐0.01 ‐0.03 ‐0.01
0.5 0.00 ‐0.01 ‐0.02 0.00 0.00 ‐0.02 ‐0.02 ‐0.02
0.75 0.00 0.00 ‐0.02 ‐0.01 0.01 ‐0.02 ‐0.02 ‐0.02
1 0.00 0.01 ‐0.01 0.00 0.00 ‐0.01 ‐0.02 ‐0.01
1.5 0.00 0.02 ‐0.01 0.00 0.00 ‐0.02 ‐0.04 ‐0.02
2 0.01 0.02 0.00 0.01 ‐0.01 ‐0.02 ‐0.03 ‐0.01
3 0.01 0.04 0.00 0.02 ‐0.01 ‐0.03 ‐0.03 ‐0.02
4 0.02 0.07 0.03 0.03 0.00 ‐0.02 ‐0.02 ‐0.02
17.5 0.25 0.30 0.25 0.26 0.07 0.06 0.05 0.05
24 0.33 0.41 0.34 0.35 0.12 0.12 0.10 0.10
48 0.64 0.75 0.69 0.68 0.28 0.28 0.23 0.25
72 0.92 1.07 0.98 0.98 0.45 0.46 0.40 0.41
96 1.26 1.46 1.36 1.33 0.70 0.71 0.63 0.62
120 1.56 1.81 1.71 1.68 0.89 0.90 0.82 0.80
144 1.85 2.15 2.01 1.98 1.04 1.08 1.00 0.96
168 2.17 2.51 2.34 2.27 1.26 1.27 1.19 1.14
192 2.42 2.81 2.64 2.57 1.42 1.44 1.33 1.27
216 2.78 3.21 3.00 2.91 1.62 1.65 1.57 1.47
240 3.22 3.64 3.39 3.31 1.91 1.93 1.84 1.73
264 3.55 4.04 3.77 3.69 2.11 2.14 2.05 1.92
288 3.90 4.40 4.11 4.00 2.31 2.35 2.26 2.13
312 4.20 4.72 4.45 4.30 2.49 2.53 2.41 2.26
336 4.57 5.14 4.86 4.68 2.75 2.78 2.66 2.49
360 4.80 5.41 5.14 4.92 2.88 2.91 2.79 2.60
384 5.17 5.81 5.52 5.28 3.09 3.12 2.99 2.77
408 5.54 6.17 5.91 5.61 3.32 3.32 3.23 2.98
432 5.83 6.51 6.26 5.93 3.50 3.49 3.39 3.12
456 6.13 6.87 6.64 6.24 3.69 3.66 3.56 3.27
480 6.61 7.35 7.11 6.70 4.02 3.99 3.89 3.58
504 6.95 7.73 7.50 7.06 4.24 4.21 4.10 3.79
528 7.34 8.14 7.90 7.41 4.50 4.44 4.36 4.01
552 7.71 8.53 8.27 7.75 4.71 4.65 4.59 4.21
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Graph 6.4: Graph showing rate of water vapor transmission as a function of weight loss over time. 
Untreated samples are marked as broken linels (A2.1-A2.4) and treated samples are marked as solid 
lines (B2.1-B2.4).
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values were calculated for all samples using the slope of the relatively straight line, and the aver-
age values for the treated set (0.19 gh/m2) were 50% less or almost exactly half the values for the 
untreated set (0.37 gh/m2).  See Appendix F for calculations of permeance and permeability.
6.2.4 frost resistance
6.2.4.2 Discussion
Frost resistance continued for 40 cycles lasting twelve hours each. Samples were assessed 
visually and via measurements of specific gravity (hydrostatic weighing) and specific volume. 
After only ten cycles the untreated samples began to show cracking along bedding planes and 
flaking of the crust if crust was present. After approximately twenty cycles these samples began 
Figure 6.7: Samples before (top) and after (below) 40 frost cycles. 
Group A was untreated stone, Group B was treated with Funcosil 
Antihygro and Remmers KSE 300 E. Note damage occurring on group 
A after cycling.
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to crumble and lose material such that their bulk volume began to decrease. Bulk volume of the 
samples increased over time due to the continued absorption of water into the pore space, likely 
owing in part to microcracking along grain boundaries which would increase the capacity of the 
samples to absorb additional water.
Frost resistance results from the untreated sample set (A1.5-A1.8) show the high 
variability among different surfaces of the support rock. Samples A1.5 and A1.7 were taken from 
the north side of the support rock, and upon visual examination these samples did not exhibit 
noticeable damage after 36 frost cycles and averaged a bulk volume retention of 100.51%. 
Samples A1.6 and A1.8, however, were taken from the west side of the support rock and 
experienced significant degradation after the same 36 cycles, which is shown visually in Figure 
6.7 and through a bulk volume retention of 98.39%. All treated samples survived all frost cycles 
with no visible changes to their properties, with an average bulk volume retention of 100.71%. 
Because untreated samples began to exhibit visible damage after only ten cycles and the treated 
samples reached 40 cycles with no noticeable changes, it is reasonable to report a frost resistance 
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Table 6.3: Showing bulk volume retained of sample groups A and B. Samples were matched 
for this procedure in cohorts according to origin and type. Samples 1.5 and 1.7 were taken 
from rock collapse on the north side of the support rock, and samples 1.6 and 1.8 were taken 
from rock collapse on the west side.
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increase of 400% for the consolidated stone See Appendix H for additional data from frost 
resistance testing.
6.2.4.2 Sources of Error in Measurement of Bulk Volume
Samples were measured again after 40 frost cycles and bulk volume retention was 
recalculated to reflect degradation after four additional cycles. During this time, the sample A1.6 
lost a large fragment weighing 17 grams, significantly reducing its air weight and hydrostatic 
weight. Bulk volume calculations did not reflect the overall loss in mass of the sample, and at 
this point the volume retention was calculated as 105.09%, falsely indicating a 6.5% gain from 
the previous weighing event. Additionally, most samples gained bulk volume, including samples 
A1.5 and A1.7 which were visibly detected to have developed cracks and to have lost small flakes 
of material. It is likely that these calculations were skewed due to the presence of expanding clays 
in the material, which would have continued to expand over time and increased the volume of the 
material. Frost resistance testing continued after completion of this document, and it is possible 
that data from 100 to 200 frost cycles will reflect greater changes in bulk volume of the samples. 
Data from frost resistance testing are included in Appendix H.
6.2.5 drilling resistance
6.2.5.1 Discussion of Strength Changes
Cubed samples A1.1-A1.4 and B1.1-B1.4 were drilled parallel and perpendicular to the 
grain as well as wet and dry to assess strength changes before and after treatment. Sample cohorts 
were arranged so that similar samples were included in each cohort (see Appendix D for sample 
division information). Samples were drilled wet after they had completed water absorption testing 
(see 6.3.1 for results) using a rotational speed of 600 rpm. Untreated samples were drilled first, 
with two holes drilled perpendicular to the grain, and two holes drilled parallel to the grain. One 
drill bit was used per sample to account for changes in bit wear, making the total distance traveled 
per bit 40 mm. However, when treated cubes were drilled it was necessary to change bits every 
10 mm or 20 mm due to the hardness of the consolidated stone. Total distance traveled by each 
bit was accounted for in data correction procedures, which were performed according to Delgado 
Rodrigues and Costa, 2004.5
5. J. Delgado Rodrigues and D. Costa, “A New Method for Data Correction in Drill Resistance Tests for the 
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Graph 6.5: Showing drill resistance for wet cubes. T indicates treated stones (samples 
B1.1-B1.4); NT indicates untreated stones (samples A1.1-A1.4); II indicates samples 
drilled parallel to the grain; L indicates samples drilled perpendicular to the grain. 
Resistance was measured in force (Newtons).
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Graph 6.6: Showing drill resistance for dry cubes. T indicates treated stones (samples 
B1.1-B1.4); NT indicates untreated stones (samples A1.1-A1.4); II indicates samples 
drilled parallel to the grain; L indicates samples drilled perpendicular to the grain. Resis-
tance was measured in force (Newtons).
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Graph 6.7: Showing drill resistance for untreated cubes, wet and dry. T indicates treated 
stones (samples B1.1-B1.4); NT indicates untreated stones (samples A1.1-A1.4); II indi-
cates samples drilled parallel to the grain; L indicates samples drilled perpendicular to the 
grain. Resistance was measured in force (Newtons).
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Graph 6.8: Showing drill resistance for treated cubes, wet and dry. T indicates treated 
stones (samples B1.1-B1.4); NT indicates untreated stones (samples A1.1-A1.4); II indi-
cates samples drilled parallel to the grain; L indicates samples drilled perpendicular to the 
grain. Resistance was measured in force (Newtons).
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Graphs 6.5 and 6.6 indicate that the granular cohesive strength of the Dakota Sandstone 
was greatly increased after application and curing of the combined treatment program. After data 
correction and normalization it was found that the treated stones experienced a 400% increase 
in strength when wet, and at least a 300% increase in strength when dry. Upon comparing the 
data for wet and dry stones, it was found that treatment effectively closed the gap of strength 
differences between wet and dry stones, with untreated stones showing a 200% decrease in 
strength when wet, and treated stones showing a much smaller difference, a 110% decrease in 
strength between dry and wet stones (Graphs 6.7 and 6.8). 
6.2.5.2 Discussion of Depth of Penetration
Bulk samples were treated under the same conditions and methods as the cubic samples 
used for drill resistance testing. They were separated in half using a paraffin wax barrier to 
prevent treatment from spilling onto the control (untreated) surfaces. Treated and untreated 
surfaces of each bulk sample were drilled four times each using a 7/32” bit with a carbide tip. 
Samples were stabilized using a series of sandbags and were drilled against a stable wall surface 
to prevent movement during testing. Bulk sample HOVE.BS.2 was drilled parallel to the grain at 
1000 rpm (rotational speed) to a depth of 30mm, however many times the drilling episode was 
unable to complete due to overloading of the load cell. This occurred on treated and untreated 
surfaces on HOVE.BS.2 and again on HOVE.BS.1 which was drilled perpendicular to the grain 
and crust. This prompted a changing of the drill bit on the latter sample to a smaller 1/8” bit with 
a carbide tip, which experienced no further problems. The size and shape of HOVE.BS.1 made 
drill placement difficult, and measurements were not able to be taken to depths greater than 
15mm.
Force readings for treated and untreated stones were much different from the readings 
taken from cubic samples, suggesting a multitude of errors. While drilling was performed on a 
weathered surface as opposed to a flat, regular surface as found on the cubes, many of the drilled 
cubes contained weathered crusts as well, which did not affect penetration depth or consistency of 
drill readings. McNabb (2012) previously identified sources of error with regards to bulk sample 
drilling using the DRMS system, including sample movement and drill movement which could 
Effect of Drill Bit Wear,” International Journal for Restoration, 2004 (10:3), 1-18.
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Graph 6.9: Drilling Resistance Parallel to grain on HOVE.BS.2, drilled to obtain depth of penetration 
of treatment. Results show strengthening of stone up to 15mm, then an equalization of strength around 
15mm in depth for treated and untreated sections of the sample.
Fo
rc
e 
(N
) 
Fo
rc
e 
(N
) 
Graph 6.10: Drilling Resistance perpendicular to grain on HOVE.BS.1, drilled to obtain depth of pen-
etration of treatment. Results show a strengthening of the stone up to 4mm in depth, then an equaliza-
tion of strength after 4mm for treated and untreated sections of the sample.
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skew the data obtained.  When drilling large samples and drilling in situ, it is necessary with the 
DRMS system to use body weight to ensure that the drill remains in full contact with the surface 
being drilled, applying adequate force to balance out the force used by the drill. It is difficult 
to ensure consistent pressure is applied using this system, especially when the sample being 
examined is small, irregularly shaped, and freestanding. It is suggested that sandbags are not 
adequate for holding the sample in place, and that some form of large clamp must be fashioned to 
perform this test in a controlled manner. 
It is possible that force readings would be better normalized using drill bits of smaller 
sizes, which would register less force due to the smaller surface area being applied to the stone 
surface. The use of a 1/8” bit acquired much more consistent results than the 7/32” bits due to 
the smaller forces required by the drill. This varies with stone type, with larger-grained stones 
requiring higher forces and frequently overloading the load cell. Finer stone types such as 
metamorphic marbles and serpentines do not pose as many problems as coarse-grained stones 
such as Dakota Sandstone, due to its irregularities. 
Most importantly, force readings could easily have been skewed due to interconnected 
pores in between stone laminae, which would have facilitated travel of the consolidant underneath 
the surface of the stone and could have strengthened the inner core of controlled “untreated” 
areas. It is likely that force readings were skewed based on this geomorphological characteristic 
of the sandstone, which is a favorable characteristic for the field because it allows for greater 
penetration of treatment, but not for controlled testing purposes. Additionally, sample selection 
assumes representation of the multiple sides and surfaces present on the boulder, and it is likely 
that many surfaces were not fully represented in the sample schedule used for testing.
Penetration depth was not clearly identified on the graphs produced after data 
normalization. Graph 6.9 was not able to be correctly normalized because complete distance 
traveled by the drill bit was not able to be monitored. This was due to repeated incomplete 
drilling episodes as the load cell was overloaded. Graph 6.10 is likely more accurate, but it 
was not possible to drill into the sample more than 15mm due to the sample’s size and shape, 
and testing indicates that depth of penetration was deeper than 15mm. Based on the readings 
obtained it is possible that penetration extended further than 20mm, which is consistent with the 
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percentage of pores left open as detected by water absorption testing and shown in Graph 6.2. 
Many of the above factors could have contributed to the readings taken by the DRMS, and further 
testing will be necessary to confirm depth of penetration of the consolidants. This testing program 
has validated the fact that the treatment has extended far into the stone and has strengthened the 
weakened areas near the surface of the stone (crust and subcrust), but exactly how much has yet 
to be quantified.
6.2.6 scanning electron microscopy
6.2.6.1 Discussion
Scanning electron micrographs were taken of sample HOVE.BS.2 at magnifications 
ranging from 70x to 5000x. Images clarified the difference in appearance and cohesion of treated 
and untreated areas of the stone, helped identify the presence of clay minerals, and aided in the 
investigation of crust formation. Treated areas of the stone appear homogenous in nature, with the 
polymerized treatment forming a consistent film on the grains and at the grain boundaries of the 
broken sample (Figure 6.9). When these images are compared to images of untreated surfaces, 
it is evident that the consolidant partially filled the pores of the stone and bridged gaps between 
quartz grains. The small, loose clay and calcite particles that are visible in Figure 6.8 and Figure 
6.10 are not present in images of the consolidated areas of the stone. Many microscopic clay min-
erals were present within the pores of the untreated stone, appearing as plate-like particles. These 
were identified as kaolinite by x-ray diffraction. 
The interface between the crust and the core of the stone was readily visible on the bro-
ken surfaces of sample HOVE.BS.2. The crust was found to be between 0.5mm and 1.0mm in 
thickness on this particular sample, and transitions between crust and core were found to be very 
abrupt from dense material to porous material (Figure 6.11). In many regions, the crust and core 
were separated by a void measuring up to 100 microns in width, a gap larger than can be bridged 
using ethyl silicates.  
Electron dispersive spectroscopy was performed on two opposing regions of Figure 6.9 
in order to determine composition of the crust and clarify the formation procedure. EDS results 
show that the crust contains the same minerals as found in the core (silicon, oxygen, aluminum, 
iron, potassium, and calcium), but in slightly differing proportions. The crust showed a greater 
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Figure 6.9: SEM image of treated sample HOVE.BS.2 after treatment with Antihygro 
and KSE 300 E showing polymerized treatment along grain boundaries. Lack of 
contrast indicates a homogenous surface. 500x magnification.
Figure 6.8: SEM image of untreated area of sample HOVE.BS.2 showing friable 
surfaces and lack of coating of quartz grains. Contrast in image indicates detection 
of multiple materials, such as quartz, clays, and calcite that are not coated with 
polymerized ethyl silicate. 
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Figure 6.10: SEM image of untreated area of sample HOVE.BS.2 in same area 
as Figure 6.5. Stacks of material resembling plates are clay minerals. 5000x 
magnification.
Figure 6.11: SEM image of untreated area of sample HOVE.BS.2 along boundary 
between crust and core. Crust (on left) is shown as dense, homogenous material, 
while core (right) is shown to be more friable and porous. 100x magnification.
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proportion of oxygen in regards to aluminum and silicon, perhaps indicating a larger concentra-
tion of oxides. No significant increase in iron or calcium was found. Data from EDS is included 
in Appendix J.
Quantification of the depth of penetration of the treatment was attempted using EDS by 
creating an elemental dotmap showing the dispersion of tin throughout the sample, which is a 
known catalyst in Remmers KSE 300 E.  However, upon inspection of the isolated polymerized 
treatment in the Environmental SEM it was found that tin comprised less than half of a percent-
age of the pure consolidant. Because it was present in such trace amounts in the consolidant and 
even less amounts in the stone, it was not possible to detect enough of the element to complete a 
dotmap. 
Additional Scanning Electron Microscopy images can be found in Appendix J
.
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chApter 7:condition AnAlYsis
“The major problem is water – from above as rainwater, from within as a spring 
in an alcove, or from below as rising damp.”
                             - Kathleen Fiero, 20061
Based on condition observations during the site investigation and survey in October and 
subsequent petrographic analysis and physical testing of rock samples completed in the spring 
of 2012, this chapter will present and summarize the various agents and mechanisms of decay 
affecting Holly Tower’s support rock. The following discussion is organized by symptomatic 
condition in an attempt to single out the individual agents alone and in combination that are 
responsible for the visible phenomena observed on site. The table below briefly describes 
the posited causal factors for each condition present and proposes a recommendation for the 
treatment of each.
7.1 meTHods of deTacHmenT
7.1.1 contour scaling
The contour scaling patterns present on the east and west sides of the support rock help 
to identify its original location and orientation, displaying ripple marks on the top surface and 
impressions of these ripple marks on the bottom surface that are characteristic of sandstone beds.2 
This condition tends to denote a stable surface as it communicates the original surface of the rock 
before weathering affected it. Contour scaling generally is also associated with discoloration and 
the growth of microflora, both of which are conditions that require time and a cohesive surface in 
order to develop. This condition does not require treatment.
7.1.2 delamination
Delamination is associated with contour scaling in which the contoured surfaces begin 
to differentially detach along the natural bedding planes of the stone strata as determined by the 
original sedimentary deposition. Based on observations via thin section, these strata begin to 
separate into thin laminae (4mm or more in depth) creating a contour relief surface. 
1. Kathleen Fiero,  Dirt, Water, Stone: A Century of Preserving Mesa Verde, Durango: Durango Small 
Herald Press, 2006, 53.
2.  F.J. Pettijohn, Paul Edwin Potter, Raymond Siever, Sand and Sandstone with 258 Figures, Berlin 
Heidelberg: Springer-Verlag, 1972, 119.
120
The presence of clays, which has been detected through methylene blue testing and 
X-Ray Diffraction techniques, can exacerbate weathering patterns such as delamination, flaking, 
and microcracking as water infiltrates into the stone and activates clay minerals, causing 
them to expand.3 Microdamage from the crystallization of salts and by frost action, inducing 
microgelivation and macrogelivation, is an additional force that likely exacerbates this problem.4 
Delamination is an active form of deterioration and is often associated with excessive friability. 
Areas experiencing delamination are candidates for consolidation.
7.1.3 planar scaling
Unlike contour scaling, planar scaling appears as the distinct detachment of a thin 
uniform layer of stone from the main body of the rock. Planar scaling is not dependent on 
bedding orientation, however, and often forms in orientations perpendicular to the bedding 
planes. This supports the idea that water-induced dissolution and surface migration of minerals 
is occurring within the rock independent of bedding orientation, a phenomenon observed in 
many rocks during weathering as case hardening. For a detailed description of the case hardening 
phenomenon and its relationship to surface erosion, see 7.2.3 (Excessive Friability) and 7.3.4 
(Case Hardening). 
7.1.4 linear erosion
Linear erosion is dictated on the Holly Tower support rock by macrogeological patterns, 
the most specific of which is the vertical bedding orientation caused by the rock’s upright 
detachment from the rock ledge. Because of this orientation, all strata are exposed to wind and 
rain erosion and the weaker depositional layers are not protected by stronger, well-cemented 
layers above them. The formation of V-shaped depressions on the top of the support rock 
exacerbate the problem as they direct water downward, increasing the depth of these linear paths 
every time there is a heavy rain.5 
The amount of clay determined to be present in and between the strata of this support 
3.  Timothy Wangler and George W. Scherer, “Clay swelling mechanism in clay-bearing sandstones,” 
Environmental Geology, 2008 (56), 529-534. 
4.  B.J. Smith and J.P. McGreevy, “Contour Scaling of a Sandstone by Salt Weathering under Simulated Hot 
Desert Conditions.” Earth Surface Processes and Landforms, 1988 (13): 701.
5.  Mary L. Griffitts, “Preliminary Report on Rock Problems at Hovenweep National Monument,” 1991. 
Hovenweep National Monument Museum Collection. Catalog number HOVE 18721. Collection number 
404. Series 001. File Unit 94C; E.M. Winkler, Stone in Architecture, 3rd ed. Berlin: Springer-Verlag, 1994, 
132.
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rock could be contributing to this problem, as softer minerals such as clays tend to weather faster 
than others. The relative lack of sunlight on the north side of the monolith could inhibit drying of 
the rock and could lead to moisture-induced deterioration or clay-swelling on that side. Dr. Mary 
Griffitts was consulted on rock problems at Hovenweep in 1991, and she recommended that the 
top surface depressions be filled in order to divert water flow and prevent further erosion at these 
points.6
7.1.5 detachment
Detachment, for the purposes of this condition survey, was defined as complete or partial 
separation of rock fragments from the main body of the support rock. Breakage and separation 
of these fragments is likely related to mechanical stresses at work such as the deformation of 
incipient and detached slabs (see 7.1.6). While none of these pieces threaten the stability of the 
monolith it is possible to reattach them by grouting or pinning techniques. 
7.1.6 slabbing
The formation of slabs up to 4” thick can be linked to the processes governing case 
hardening on the surface of the rock. As mineralogical transport carries and redeposits soluble 
minerals on the surface, the inner core of the rock becomes depleted and weakened. The 
soluble, calcitic binder of this Dakota Sandstone is the most likely mineral to be affected by 
dissolution and transport thus weakening the stone’s core and increasing inner porosity as the 
calcite dissolves while at the same time densifying the surficial zone by migrating outwards 
through evaporation. Calcitic sandstones are the most endangered by case hardening or “frame 
weathering” as termed by Winkler due to the high solubility of calcite, and this phenomenon 
compromises the integrity of the inner core and promotes separation and breakage.7 For more 
detail about the process of case hardening, see 7.3.4. 
Once detached, gravity becomes a major force as these heavy slabs begin to experience 
creep and deformation under their own load as well as thermal deformation resulting in 
elongation, warping and ultimately collapse. This sequence of detachment, deformation and 
collapse is evident especially on the east and west faces where large continuous mid-wall slabs 
6.  Griffitts, “Preliminary Report on Rock Problems at Hovenweep.” 
7.  E.M. Winkler, Stone in Architecture, 3rd ed. Berlin: Springer-Verlag, 1994, 130.
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have lost their basal material, often collapsed on the ground below, and the incipient broken edges 
of the attached slabs are curving outward from thermal deformation. The thin section in Figure 
6.4 illustrates the formation of mineral crusts on both the front and back of a partially attached 
slab, indicating that the amount of space present between the slab and the main body of the rock 
was large enough to promote evaporation on both sides of the slab. 
The largest slab on the west face of the support rock is of great concern for a number of 
reasons aside from its size. The bottommost portion of this slab is deflecting outwards, suggesting 
thermal strain from the intensity of the afternoon sun on the west side of the monolith (Figure 
7.1). Repeated thermal expansion creates a network of microcracks which lead to residual strain 
Figure 7.1: Slab deflection on west side of support rock as a 
result of thermal deformation. No scale available.
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between grain boundaries.8 This can be exacerbated by water dilation and can be most severe in 
calcite-rich stones because of calcite’s anisotropic expansion behavior.9
In order to stabilize these large areas threatening incipient loss, necessary interventions 
include pinning and grouting to re-establish continuity and ensure that large-scale loss does not 
occur unexpectedly. If the slabs are left unstabilized, the impending loss of large fragments will 
significantly undermine the rock section, expose the weakened stone surface below and begin the 
cycle all over again leading to further rock loss and possible structural destabilization. 
7.1.7 cracking
The presence of cracks, much like detachment, indicates areas of past and current 
mechanical stress. Major cracks in the stone occur as pre-existing geological joints and bedding 
separation that have further weathered post-fall but also include cracks caused by loading from 
8.  Annette Zeisig, Siegfried Siegesmund and Thomas Weiss, “Thermal expansion and its control on the 
durability of marbles,” in Natural Stone, Weathering Phenomena, Conservation Strategies and Case 
Studies, Special Publication 205, London: Geological Society, 2002, 78-79.
9.  J. Ruedrich, T. Weiss and S. Siegesmund, “Thermal Behavior of weathered and consolidated marbles,” in 
Natural Stone, Weathering Phenomena, Conservation Strategies and Case Studies, Special Publication 205, 
London: Geological Society, 2002, 264.
Figure 7.2: Slab deformation on west side resulting in cracking in bottom center of slab. 
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the tower above. Cracks can also indicate areas of failure where thermal stresses have damaged 
surface rock (Figure 7.2). The cracks present on the Holly Tower support rock are not large 
in number, but they are not insignificant in size either. Crack width and movement should be 
monitored with the use of a crack gauge, but no treatment is recommended at this time.
7.2 feaTures induced by maTerial loss
7.2.1 weathered inclusions
The weathered inclusions that are abundant mostly on the east side of the support rock 
can be attributed to differential deposits of mineral accretions or inclusions that were depressed 
into the surface of the mud layers beneath the sandstone. These mud layers would over time form 
the Burro Canyon shale formations, but at the time of deposit they were shaped into these patterns 
by a combination of water currents and unequal loading of the sandstone strata on top of them. 
Over time these softer mineral inclusions have weathered out with continual exposure to wind 
and rain, leaving behind a negative impression of their shapes. Pettijohn calls these features “sole 
markings,” and indicates that they are commonly found on the bottom of sedimentary strata.10 
These features are relatively stable as, like contour scaling, they indicate original surfaces of the 
support rock that have not experienced episodes of surficial loss. 
7.2.2 cavities
Cavities occur on lower portions of the support rock that are already experiencing other 
forms of erosion. They generally are associated with linear erosion, salt deposits, and clay wash. 
Because of the high evaporation rate in the Four Corners region, moisture migration out of the 
surface of the rock is relatively constant, and microclimatic differences throughout the sandstone 
will cause water vapor to concentrate in certain areas, creating localized loss.11 These areas 
contain softer material than others, such as pockets of larger concentrations of clays as evidenced 
by the deposits of clay wash on areas surrounding cavities. Cavities cover less than 5% of the 
rock’s surface and do not significantly contribute to material loss.
7.2.3 excessive friability
The friability of freshly exposed surfaces of the support rock exhibit the most 
10.  Pettijohn et al., Sand and Sandstone, 113. 
11.  Winkler, Stone in Architecture, 132. 
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worrisome conditions related to continuously active material loss. This condition goes hand 
in hand with discoloration or case hardening. The formation of a case hardened surface and 
thick slab is followed by the detachment of the slab and exposure of the minerally depleted 
surfaces underneath. The hard surface is formed by mineral transport, which is the process of 
migration of the calcite, ferrous minerals and potentially colloidal clays from the sparse matrix 
of the stone outwards, leaving a depleted microstructure behind. When the protective surface is 
broken or removed—which can occur by delamination, planar scaling or slab detachment—the 
underlying surface is prone to rapid disintegration.12 While this deterioration results in small scale 
incremental loss, it is continuous and requires mediation before other structural interventions can 
be considered such as grouting and pinning.
7.2.4 Surficial Loss
Areas that have experienced surficial loss have reached this point due to a number 
of factors. Delamination, planar scaling, linear erosion, slabbing, and detachment, as well as 
erosional patterns such as loss in cavities and friability, have all resulted in exposed surfaces that 
are mineral-depleted and lighter in color. While different combinations of conditions create the 
weathering patterns evident on the rock, the term surficial loss encompasses all of them and best 
summarizes surface area of the support rock most in need of consolidation treatment. 
7.3 surface dePosiTs and discoloraTion
7.3.1 Microflora
The presence of biocolonization as microflora and bacteria indicates areas of stability 
on the surface of the rock. While certain species of lichen and bacteria are known to cause stone 
deterioration by secreting nitric acid, the surfaces of the stone observed to support biological 
life appear to have done so for hundreds of years and do not seem to be at risk.13 Microflora 
populations can be eradicated with the use of biocides such as D2, but it is not recommended that 
any harmful products be used in this natural setting, especially considering the growths appear 
to be harmless to the stone, with the exception of potentially retaining some moisture along the 
12.  Lisa Mol and Heather A. Viles, “The Role of Rock Surface Hardness and Internal Moisture in Tafoni 
Development in Sandstone,” Earth Surface Processes and Landforms, 37 (2012), 312.
13.  Winkler, Stone in Architecture, 155. 
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surface.14
7.3.2 salts
Salt crystallization is often considered a large problem in masonry structures, as the 
dissolution, deposition, and subsequent crystallization of salt upon drying can place significant 
pressure on the interior pore structures of the stone. Salt identification testing confirmed the 
presence of chlorides, sulfates and nitrates on the lower surfaces of the monolith. These salts 
likely originate from the groundwater in the canyon (chlorides), from the interior mineralogy of 
the support rock itself (sulfates), and from decomposing organic material from the ecosystems 
surrounding Keeley Canyon (nitrates). 
Sulfates have been confirmed in multiple testing methods, and thin section microscopy 
showed the presence of organized, needle-like crystals on the surface of the crust suggesting 
that gypsum salts play a role in the development of the discoloration on the surface of the rock. 
Gypsum is a salt with low solubility and is less likely to wash away during heavy rain events, 
while chlorides and nitrates are more mobile and form as white deposits within cavities.15 It is 
possible that salt crystallization contributes to cavity formation by weakening the pore structures 
in concentrated areas and causing localized erosion. Salts can be removed by poulticing, but it 
is unrealistic to assume that a poultice would completely remove salts from such a large body of 
rock and it would only be a temporary cosmetic fix.
7.3.3 clay wash
Clay wash is a symptomatic deposit showing that deterioration is active in localized 
areas, often associated with cavities and deep channels such as the large crack on the south side. 
It is most prevalent on the north side where a combination of linear erosion and cavities are 
actively eroding a large surface. If present in very large quantities clay wash may slow the drying 
capabilities of a given surface, but it does not need to be removed as it will continue to deposit 
while erosion continues.
7.3.4 discoloration
A discolored surface patina has been noted as a weathering phenomenon on rock 
14.  Ibid, 110. 
15.  Ibid, 109.
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formations throughout Hovenweep since the 1940’s.16 It is indicative of high moisture content 
in the core of the rock and high evaporative rates, which are known to be environmental factors 
in the area.17 This phenomenon appears to be gradually dissolving calcite, gypsum, and ferrous 
minerals and transporting them through the pore network of the sandstone along with clay 
minerals, depositing the heavy particles onto the surface of the stone as the water evaporates out 
and creating a thin, darkened crust lined with gypsum crystals on the outside and calcite on the 
inside. Thin section analysis has revealed that calcite is more concentrated along the inner crust 
than it is within the cementing matrix of the Dakota Sandstone.
This crust was observed to flake off in very thin layers during frost resistance testing, 
indicating that areas of the support rock experiencing high moisture content and frequent frost 
cycling are prone to instability and frequent loss of crust. While areas of discoloration further 
up on the support rock appear to be stable, areas closer to the ground may be experiencing 
frequent formation and dissolution of crusts because those areas have higher moisture content and 
16.  Charlie R. Steen, “Report on Stabilization of Ruins,” 1941. Hovenweep National Monument Museum 
Collection. Catalog number HOVE 18721. Collection number 404. Series 001. File Unit 61.
17.  AV Turkington and JD Phillips, “Cavernous weathering, dynamical instability and self-organization,” 
Earth Surface Processes and Landforms, 29 (2004): 665–675.
Figure 7.3: Hypothetical, exaggerated schematic of support rock showing gradual process of surface 
hardening and loss over time. Section cut running east-west, looking south. Hardening processes can take 
as few as 25 years, loss may take longer to occur.  Arrows indicate direction of surface migration.
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evaporative rates through surface and ground water uptake precipitation events (e.g. summer rains 
and snow melts). It is evident that loss of these outer crusts leads to a weakening and subsequent 
disintegration of the surfaces that are then exposed (Figure 7.1).
7.4 overview of condiTion and causal facTors
The largest problem at Holly Tower appears to be differential weathering of the support 
rock due to variations in composition of the bedding strata. This weathering is caused by the 
expansion and contraction of minerals within the stone such as clays, salts, and frost, causing 
separation of bedding planes at a micro and macro level. Processes such as delamination and 
planar scaling are relatively microscopic versions of this weathering where separations can be as 
small as 4mm in thickness, while linear erosion and slabbing show this phenomenon at a larger 
scale with separations as large as four inches in thickness. 
Each of these conditions initially can be attributed to the geo-chemical characteristics of 
the stone such as the low proportion of calcite matrix to quartz grains, resulting in high porosity 
and low cohesion of the stone; the high solubility of the calcite matrix facilitating mineral 
migration and subsequent surface hardening; and the presence of swelling clays in concentrated 
amounts which erode quickly and contribute to crust formation. Macro-geological features such 
as the vertical orientation of the bedding planes are also important characteristics governing the 
accelerated weathering of the support rock by rainwater and gravitational forces. In fact, Kevin 
Hall has concluded that macroscopic detachment of large blocks is a product of microscopic 
products, linking every condition on the support rock to its microstructure.18 The fact that the 
individual stone masonry blocks of Holly Tower share some of the observed conditions on its 
rock monolith support their common geo-chemical make-up; however the large-scale phenomena 
of joint and bedding plane cracking and slabbing are clearly absent suggesting the problem is also 
one of scale and context of the support rock.
18.  Kevin Hall, “Perceptions of rock weathering in cold regions: a discussion on space and time attributes 
of scale,” Geomorphologie: relief, processus, environnement, 2006 (3), web, http://geomorphologie.revues.
org/index146.html, consult 24 September 2009.
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chApter 8: conclusions And 
recommendAtions
“It is evident that the field has progressed from the initial first step of recognizing 
the need for protection of archaeological sites to the establishment of an interdisciplinary 
approach based on an understanding of the historical and cultural context of a site, the 
physical and social mechanisms of its deterioration, and the material and environmental 
treatments available for its conservation.”
                            - Frank Matero, et al. 19981
8.1 efficacy of consolidaTion TreaTmenTs
Upon completion of the testing program, it was found that the combination of Funcosil® 
Antihygro® and Remmers KSE 300 E changed the water reactivity behavior of the stones as fol-
lows: 
• Percentage of open porosity decreased by 48%
• Water vapor transmission decreased by 49%
• Capillary absorption decreased by 96%
• Drying rates decreased by 7%
The above percentage changes are mostly a function of the porosity of the Dakota 
Sandstone before treatment. Because most of the calcitic matrix had weathered out over time, the 
stone was able to absorb a large quantity of water (17%) and, during treatment, a large quantity 
of the consolidant. Over the month-long cure time, the consolidant reduced approximately  half 
the available pore space with polymerized ethyl silicate which did not completely block the 
pore network. The reduction in water vapor transmission almost exactly echoes the reduction in 
liquid water transport, which is expected. The minimal reduction in drying behavior shows that 
the treated stone in its natural environment will allow surface moisture as well as rising damp to 
evaporate at approximately the same rate as the untreated surfaces.
The large difference in capillary absorption of the treated and untreated stone indicates 
that the treated surfaces will not allow capillary water uptake from standing groundwater or rain-
water at the same rate as the untreated surfaces. This can be attributed to the hydrophobicity of 
1. Frank Matero, Kecia L. Fong, Elisa del Bono, Mark Goodman, Evan Kopelson, Lorraine McVey, Jessica 
Sloop and Catherine Turton, “Archaeological Site Conservation and Management: an appraisal of recent 
trends,” Conservation of Archaeological Sites, 1998 (2), 133.
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ethyl-silicate treated surfaces prior to a full curing period, and has been found to change after the 
course of one year.2 
Mechanical testing of treated and untreated samples has concluded that the combined 
treatment of Funcosil® Antihygro® and Remmers KSE 300 E significantly increased the strength 
and durability of the Dakota Sandstone. Drilling resistance was found to increase cohesive 
strength up to 400% when the stone was wet and 300% when the stone was dry, and weatherabil-
ity, as measured by frost resistance, increased at least 400%. The treatments did not impart any 
detectable changes in color to the stone after cure.
8.2 recommendaTions for TreaTmenT
Upon completion of the testing program, analysis of the conditions present on the Holly 
Tower support rock, and assessment of the efficacy of the selected treatments, a series of recom-
mendations was developed for the conservation of the monolith. These recommendations include 
consolidation through spraying and injection, especially of the friable sandstone, and mechanical 
pinning and grouting in order to retain areas vulnerable to loss from large scale detachment. The 
development of a conservation program including post-treatment monitoring and potential re-
treatment was also considered for the long-term preservation of Holly Tower. 
8.2.1 stabilization needs
8.2.1.1 Application of Consolidants
Based on the conclusions drawn from the testing program, treatment of the weakened sur-
faces of the Holly Tower support rock would prevent friable surfaces from eroding further while 
not significantly reducing the drying behavior or water vapor permeability of the stone. Because 
of this performance in the laboratory, it is recommended that a mock-up of this treatment be ap-
plied in situ for further assessment and monitoring.
Application methods should be further investigated before any one method is chosen. 
While the product specifications recommend applying Remmers KSE 300 E using a flow coating 
spray procedure, product literature suggests that brush application is preferable.3 Mary Griffitts 
2.  Amila Ferron and Frank G. Matero, “A Comparative Study of Ethyl Silicate-based Consolidants on 
Earthen Finishes,” Journal of the American Institute of Conservation, 2011 (50), 58.
3.  Remmers UK, Technical Information Sheet, article no. 0714, “KSE 300 E”.
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recommended the brush method when treating the Square Tower support rock.4 Lee et al. per-
formed in situ testing of ethyl silicate application on sandstone monuments experiencing granular 
disintegration and scaling in the Yeongyang area in Korea, and concluded that brush applica-
tion of the ethyl silicates was more successful. Spray methods were found to disperse volatile 
components into the air, and did not maintain a continuous surface contact to the same degree as 
the brush method.5 With such a (relatively) small area to target, the brush method would not be 
completely out of the question and should be tested for efficacy next to the spray method; how-
ever areas inaccessible by brush such as blind and incipient detachment will need to be accessed 
by injection or spray. 
While treatment can be applied to friable surfaces to increase strength and durability, it 
can also be used to decrease the likelihood of slab formation and detachment. As the condition 
analysis has shown, the case hardened layers (shown in the condition survey as discoloration, 
Chapter 5) have a much lower permeability than the depleted areas that have experienced surfi-
cial loss. It is believed that this difference in permeability is contributing to the separation of the 
slab from the friable material behind it. Consolidation can help to reduce the extreme between the 
depleted and hardened zones, creating a continuity in surface cohesion throughout the affected 
zone of the support rock. It is recommended that these incipient slabs be treated with Funcosil® 
Antihygro® and Remmers KSE 300 E by drilling small holes, well-spaced across the surface of 
the slabs to allow injection of the consolidation system to the friable surfaces behind. These holes 
can also be used to insert mechanical pins and/or grout after the inner rock surfaces are hardened 
and will allow attachment of the dense slab material to the friable surface directly behind it.
8.2.1.2 Pinning and Infill
When deterioration surpasses intergranular decohesion (e.g., disaggregation and mi-
crocracking), more involved mechanical measures are necessary to ensure that large-scale loss 
does not occur unexpectedly. Such is the case at Holly tower, where the slabs are beyond repair 
by consolidation and must be stabilized by more invasive means. A combination of pinning and 
4.  Mary L. Griffitts, “Hovenweep Rock Treatment,” 1992, Hovenweep National Monument Museum 
Collection. Catalog number HOVE 18721. Collection number 404. Series 001. File Unit 116.
5.  M.S. Lee, J.M. Lee, S.M. Park, and J. Kim, “Consolidation Efficiency of In-Situ Application 
Considering Weathering Degree for Korean Sandstone Cultural Heritage,” in 12th International Congress 
on the Deterioration and Conservation of Stone, Session XI: Methods and Materials of Cleaning, 
Conservation, Repair, and Maintenance (2012), 40-46.
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grouting can secure large areas of detachment and prevent further trauma and mass loss to the as-
semblage. Large- and small-scale pinning has been performed on living rock at El Morro National 
Monument in New Mexico to treat delamination and incipient spalls, using a dry system based on 
friction and grout rather than adhesives. This study found that pre-drilling the Zuni sandstone did 
not cause extensive cracking, and that glass-reinforced nylon pins set in cement-based grout were 
successful at reattaching fallen slabs of sandstone to the rock face and to secure areas threatened 
by incipient detachment.6 A similar method should be investigated for the Holly Tower support 
rock. 
While stainless steel pins are popular for their use in masonry construction, they have a 
thermal expansion coefficient that is three times that of natural stone. A more compatible alterna-
tive material is ceramic, which has similar expansion properties to eliminate risk of treatment 
failure and can be obtained in a large variety of dimensions.7
8.2.2 monitoring needs
Upon completion of selective in situ treatment applications, it is important to monitor the 
treated surfaces to evaluate post-treatment performance. Surface loss can be most easily mea-
sured using ceramic monitoring pins inserted at a fixed distance to the surface to assess erosion 
on treated and untreated surfaces in close proximity to each other. Non-contact methods such as 
close-range laser scanning or LIDAR can also be employed for comparative sub-millimeter quan-
titative analysis; however variables such as temperature, relative humidity, and weathering rates 
must be known and the former controlled for each scan cycle to allow accurate comparison.8 Slab 
detachment should be further monitored by measuring slab separation at designated areas around 
the support rock in order to determine stresses from movement and widening detachment of the 
slabs. Crack monitors can be implemented on major cracks, which have been noted in the condi-
6.  Scott Kreilick and Frank G. Matero, “Study of mechanical pinning for the reattachment of Zuni 
sandstone at El Morro National Monument,” Prepared for Intermountain Culture Resource Division, 
National Park Service, 1996.
7.  John R. Glavan, “An Evaluation of Mechanical Pinning Treatments for the Repair of Marble at the 
Second Bank of the United States,” M.S. Thesis, University of Pennsylvania, 2004, 101; Marco J. Federico, 
“Performance Evaluation of Mechanical Pinning Repair of Sandstone,” M.S. Thesis, University of 
Pennsylvania, 2008.
8.  Jessica Kottke, “An Investigation of Quantifying and Monitoring Stone Surface Deterioration Using 
Three Dimensional Laser Scanning,” M.S. Thesis, University of Pennsylvania, 2009; Jessica Kottke, 
Frank Matero, and John Hinchman, “Terrestrial Laser Scanning: Imaging, Quantifying, and Monitoring 
Microscale Surface Deterioration of Stone at Heritage Sites,” Change Over Time, 2011 (1:2), 268-287.
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tion survey, to determine whether or not they are active. This can help determine the existence 
of mechanical stresses and can help to further identify structural movement or thermal stresses 
present.  If detachment voids are filled with grout, continuity can be measured with various non-
destructive methods such as surface penetrating radar and infrared thermography.
In the long term, repetition of the condition survey will be important to assess the overall 
condition of the support rock over time in order to determine when retreatment will be necessary. 
A methodology for the condition survey has been set out in Chapter 4 and has attempted to make 
the survey easily repeatable. Any new cracks or cavities, or loss of material through delamina-
tion, planar scaling, detachment or slabbing will indicate that erosional processes are still active 
and will require additional stabilization or treatment.  It is absolutely essential that any evaluation 
of evolving conditions or treatments be done according to methods that are reproducible with a 
minimal margin of error to allow for quantitative comparison.
8.3 recommendaTions for fuTure researcH
8.3.1 further testing
While treatments have been identified through this study that will aid in the conservation 
of the Holly Tower support rock, it is not recommended that the entire rock be consolidated or 
pinned without further testing to ensure compatibility and efficacy of these treatments. In order to 
ensure sufficient penetration of the consolidation treatments, use of the DRMS resistance drill is 
recommended to confirm penetration depths and ensure that the most friable surfaces are reached. 
Due to some depth limitations imposed by the drill it may be necessary to experiment with longer 
bits in order to access areas of the rock deeper than 30 mm. The drill can also be used to confirm 
that in situ application imparts similar strength characteristics to the support rock as they do in 
the laboratory setting, but further experience in operation is necessary to ensure that the readings 
taken from the drill are accurate (see 6.3.5.2 for additional information).
In addition to further testing of the consolidated surfaces, further characterization should 
be performed of the untreated surfaces in situ. This includes DRMS drilling of the slabs to con-
firm slab thickness and depth of the friable layers in order to properly target areas for application 
of consolidants through the slabs. 
Further testing could also be performed on treated and untreated sets of cubes that were 
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used for capillary absorption after a full year of curing in order to assess whether their hydropho-
bicity changes with polymerization time. 
Further Scanning Electron Microscopy and Electron Dispersive Spectroscopy should be 
conducted to better assess penetration depth of the consolidation treatment. This study would be 
best performed on thin sections prepared without permanent cover slips of treated and untreated 
samples. 
Additionally, the Square Tower support rock is an ideal example that can be used to cre-
ate a timeline for the retreatment of the Holly Tower support rock. By examining the performance 
of the Wacker Conservare OH 100 which was applied to the surface of the monolith in 1996, it is 
possible to create a parallel timeline of erosion for the Remmers KSE 300 E applied to the Holly 
Tower support rock. Unfortunately, after 2002 the Conservare OH 100 treatment was not closely 
monitored due to the loss of most of the ceramic pins that had been placed on the surface of the 
support rock to provide a baseline for observations of future erosion.9 By repeating the condition 
survey conducted by Anne Oliver in 1995 it would be possible to assess whether surfaces of the 
monolith are stable or actively deteriorating. Continued monitoring of this well documented con-
solidation treatment using ethyl silicate on local Dakota Sandstone over a period of 17 years since 
the initial treatment would be very useful for future considerations.10
8.3.2 risk Assessment
As mentioned in Chapter 2.2.1, research shows that long term preservation of anthropo-
genic landscapes and features can most effectively be achieved through preservation plans that in-
clude calculations of risk magnitude. Risk assessments generally go hand in hand with condition 
surveys in order to more effectively outline the pathological forces governing the deterioration or 
potential deterioration of a structure. Risk assessment can include climate monitoring, study of 
hydrological factors such as groundwater depth and topography, vegetation mapping, and calcula-
tions of wild land fire, floods and seismic risk. 
In investigating the risks present in Keeley Canyon, an important task will be to assess 
the possibility of a microclimate within the canyon head. Because the only monitoring device at 
9.  Noreen R. Fritz, Archaeologist, Preservation Program, Southeast Utah Group, e-mail interview, April 1 
2013. 
10.  Because the pins fell out in 2002 it is likely that the rock had already begun to erode just 6 years later. 
Further analysis is required before erosion rate can be fully determined.
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Hovenweep is at the ranger’s station two miles away from Holly Group, recorded climate data 
may deviate from that which the Holly Tower support rock is experiencing. Elevation, cardinal 
orientation, lighting, and moisture presence are all factors that could contribute to the climate 
differences between areas, making temperature and humidity monitoring a critical undertaking 
for the understanding of freeze-thaw cycling and wet-dry cycling. For further information on 
the number of freeze-thaw cycles experienced by the interior of the support rock, which can be 
markedly different from the climate occurring on the exterior of the rock, it is recommended that 
holes be drilled into nearby cliff faces or nearby large boulders and temperature probes inserted 
for additional testing.11
Similarly, a hydrological study was conducted for the Square Tower group in Little Ruin 
Canyon that assessed groundwater depth and soil salinity at various points throughout the topog-
raphy of the canyon in order to evaluate the origins and characteristics of the groundwater, and 
the water pathways through the canyon bottom.12 A similar study would be useful at Holly Tower 
to diagnose the sources of moisture that are causing degradation of the support rock and to deter-
mine possible remedies to the issues. 
This hydrologic investigation should include monitoring soil salinity and groundwater 
depth in dry and wet months using piezometers and soil moisture probes, conducting salt testing 
at various points in the canyon topography to assess evaporation rates and groundwater origins, 
and performing a thorough investigation of the topographic qualities of the canyon to understand 
moisture pathways during storms. Monitoring over time is important to assess seasonal and 
annual changes, however this process was terminated at Square Tower due to the failure of the 
moisture probes over time and the loss of monitoring devices after a flash flood in 2003.13 It is 
recommended that new devices be implemented and device placement be thoughtfully considered 
in order to avoid these problems a second time.
Additional risk factors to consider are physical impacts such as wind directionality and 
11.  Kevin Hall, “Perceptions of rock weathering in cold regions: a discussion on space and time attributes 
of scale,” Geomorphologie: relief, processus, environnement, 2006 (3), web, http://geomorphologie.revues.
org/index146.html, consult 24 September 2009.
12.  Doug Oliver and Jelle Beekma, “Hydrologic Investigation at Square Tower,” 1999. Hovenweep 
National Monument Museum Collection. Catalog number HOVE 18721. Collection number 404. Series 
001. File Unit 94C.
13.  Noreen R. Fritz, e-mail interview, April 1 2013.
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force, which could create moments of resistance, leaning or twisting along the structure that could 
in turn impart concentrated forces onto the support rock. The dead load of the tower has been 
supported steadfastly by its foundational rock for eight hundred years, but continual erosion by 
undercutting could lead to sheering, especially on the south side of the boulder where a concave 
angle is evident as erosion continues. If a structural investigation finds this to be an issue, pinning 
is a possibility that would transfer the load of the tower from the outer, shallower portion of stone 
towards the more stable core.
With snowmelt occurring earlier in spring every year, wildfires are expected to increase in 
frequency, especially in the Southwest.14 Vegetation proximity to the monument can increase the 
likelihood of fires reaching the monument and instilling damage to the stone, and can also cause 
damage by abrasion. In 2009 a large, dead hackberry tree adjacent to the tower was removed from 
the canyon, but smaller seasonal brush could be affecting the lower areas on the east and south 
sides of the support rock. Further investigation of woody plants in the canyon and their effects on 
ground water, rock erosion and fire conduction are necessary for a complete assessment of risk.
14.  U.S. Global Change Research Program, “Global Climate Change Impacts in the United States,” 
Cambridge: Cambridge University Press, 2009, 66.
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AppendiX A: mAnufActurers And 
suppliers
elasTified eTHyl silicaTe
Company: Remmers (U.K.) Limited
Website: www.remmers.co.uk
Phone: +01444-244144
Email: sales@remmers.co.uk
Address: 14 Victoria Way, Burgess Hill, West Sussex RH15 9NF
Products:
- Funcosil® Antihygro®
- Funcosil® KSE 300 E
PeTrograPHic THin secTions
Company: National Petrographic Service, Inc.
Website: http://www.nationalpetrographic.com
Phone: (713) 661-1884
Fax: (713) 661-0625
Address: 599 Bellaire Blvd, Suite 108 Houston, TX 77081
glass conTainers
Company: Wholesale Glass Vases International
Website: http://www.wholesaleglassvasesint.com
Phone: (626) 452-8268
Email: sales@WholesaleGlassVasesInt.com
Address: 4063 Temple City Blvd, Building #C
El Monte, CA 91731,
Products: 3” Glass Votives
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adHesive TaPe and silicone
Company: 3M
Website: www.3m.com
Phone: (215) 728-5300
Email: http://solutions.3m.com/wps/portal/3M/en_US/WW2/Country/Corp/Contact/
Address: 5698 Rising Sun Avenue Philadelphia, PA 19120
Products: Scotch Super 33+ Vinyl Electric Tape, Super Silicone Sealant
drill biTs
Company: Hermans Central
Website: http://www.hermanscentral.com/
Phone: (800) 273-4376
Email: info@hermanscentral.com
Address: 4302 Glenwood Road, Brooklyn, NY 11210
Products: Champion CSC4 7/32” Masonry Drill for Rotary & Percussion (Pkg of 12)
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AppendiX b: pAnorAmAs of keeleY 
cAnYon
Keeley Canyon View: Northwest, 2012.
Keeley Canyon View: West, 2012.
Keeley Canyon View: North, 2012.
Keeley Canyon View: Northeast, 2012.
Keeley Canyon View: Northwest, 2012.
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Keeley Canyon View: South, 2012.
Keeley Canyon View: West, 2012.
Keeley Canyon View: West, 2012.
Keeley Canyon View from Mesa: East, 2012.
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AppendiX c: historic photogrAph 
compArisons
North Elevation, 1963 North Elevation, 2012
North Elevation, 1983 North Elevation, 2012
148
Northeast Elevation, 1943 Northeast Elevation, 2012
Northeast Elevation, 1980 Northeast Elevation, 2012
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Northeast Elevation, 1943 Northeast Elevation, 2012
Northeast Elevation, 1998 Northeast Elevation, 2012
150
East Elevation, 1963
East Elevation, 2012
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Southeast Elevation, 1998
Southeast Elevation, 2012
152
Southwest Elevation, 1998
Southwest Elevation, 2012
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AppendiX e: wAter Absorption dAtA
* Blue line indicates time of submersion
Capillary Absorption of A1.1 (Untreated) (SA 22.42 cm2)
Actual Time (m) Seconds SEC.5 Mass (G) Y (g) M1 (g/cm2)
0 0 0 240.79 0 0
5 300 17.32 245.42 4.63 0.207
10 600 24.49 246.85 6.06 0.270
15 900 30.00 247.92 7.13 0.318
20 1200 34.64 248.77 7.98 0.356
25 1500 38.73 249.47 8.68 0.387
30 1800 42.43 250.08 9.29 0.414
45 2700 51.96 251.56 10.77 0.480
60 3600 60.00 252.72 11.93 0.532
90 5400 73.48 254.89 14.1 0.629
120 7200 84.85 256.18 15.39 0.686
150 9000 94.87 256.81 16.02 0.715
180 10800 103.92 256.87 16.08 0.717
210 12600 112.25 256.9 16.11 0.719
240 14400 120.00 256.99 16.2 0.723
300 18000 134.16 256.99 16.2 0.723
360 21600 146.97 257.04 16.25 0.725
1440 86400 293.94 257.52 16.73 0.746
2880 172800 415.69 258.35 17.56 0.783
4320 259200 509.12 258.86 18.07 0.806
5760 345600 587.88 259.27 18.48 0.824
7200 432000 657.27 259.71 18.92 0.844
8640 518400 720.00 259.86 19.07 0.851
10080 604800 777.69 260 19.21 0.857
11520 691200 831.38 260.11 19.32 0.862
12960 777600 881.82 259.89 19.1 0.852
14400 864000 929.52 260.17 19.38 0.864
15840 950400 974.88 260.25 19.46 0.868
17280 1036800 1018.23 260.22 19.43 0.867
18720 1123200 1059.81 260.48 19.69 0.878
20160 1209600 1099.82 260.57 19.78 0.882
21600 1296000 1138.42 260.59 19.8 0.883
23040 1382400 1175.76 260.76 19.97 0.891
155
Capillary Absorption of A1.2 (Untreated) (SA 22.91 cm2)
Actual Time (m) Seconds SEC.5 Mass (G) Y (g) M1 (g/cm2)
0 0 0 246.44 0 0
5 300 17.32 250.75 4.31 0.188
10 600 24.49 252.05 5.61 0.245
15 900 30.00 253.13 6.69 0.292
20 1200 34.64 254.04 7.6 0.332
25 1500 38.73 254.89 8.45 0.369
30 1800 42.43 255.68 9.24 0.403
45 2700 51.96 257.73 11.29 0.493
60 3600 60.00 259.42 12.98 0.567
90 5400 73.48 262.02 15.58 0.680
120 7200 84.85 262.19 15.75 0.687
150 9000 94.87 262.21 15.77 0.688
180 10800 103.92 262.2 15.76 0.688
210 12600 112.25 262.22 15.78 0.689
240 14400 120.00 262.31 15.87 0.693
300 18000 134.16 262.32 15.88 0.693
360 21600 146.97 262.38 15.94 0.696
1440 86400 293.94 262.75 16.31 0.712
2880 172800 415.69 263.36 16.92 0.739
4320 259200 509.12 263.98 17.54 0.766
5760 345600 587.88 264.44 18 0.786
7200 432000 657.27 264.84 18.4 0.803
8640 518400 720.00 265.01 18.57 0.811
10080 604800 777.69 265.15 18.71 0.817
11520 691200 831.38 265.35 18.91 0.825
12960 777600 881.82 265.42 18.98 0.828
14400 864000 929.52 265.57 19.13 0.835
15840 950400 974.88 265.75 19.31 0.843
17280 1036800 1018.23 265.58 19.14 0.835
18720 1123200 1059.81 265.89 19.45 0.849
20160 1209600 1099.82 265.89 19.45 0.849
21600 1296000 1138.42 266.07 19.63 0.857
23040 1382400 1175.76 266.42 19.98 0.872
156
Capillary Absorption of A1.3 (Untreated) (SA 21.91 cm2)
Actual Time (m) Seconds SEC.5 Mass (G) Y (g) M1 (g/cm2)
0 0 0 227.37 0 0
5 300 17.32 229.94 2.57 0.117
10 600 24.49 230.74 3.37 0.154
15 900 30.00 231.39 4.02 0.183
20 1200 34.64 231.97 4.6 0.210
25 1500 38.73 232.53 5.16 0.236
30 1800 42.43 233.09 5.72 0.261
45 2700 51.96 234.65 7.28 0.332
60 3600 60.00 236.01 8.64 0.394
90 5400 73.48 238.71 11.34 0.518
120 7200 84.85 240.83 13.46 0.614
150 9000 94.87 242.26 14.89 0.680
180 10800 103.92 242.32 14.95 0.682
210 12600 112.25 242.37 15 0.685
240 14400 120.00 242.45 15.08 0.688
300 18000 134.16 242.42 15.05 0.687
360 21600 146.97 242.45 15.08 0.688
1440 86400 293.94 242.61 15.24 0.696
2880 172800 415.69 243.01 15.64 0.714
4320 259200 509.12 243.33 15.96 0.728
5760 345600 587.88 243.66 16.29 0.743
7200 432000 657.27 244.07 16.7 0.762
8640 518400 720.00 244.19 16.82 0.768
10080 604800 777.69 244.38 17.01 0.776
11520 691200 831.38 244.59 17.22 0.786
12960 777600 881.82 244.62 17.25 0.787
14400 864000 929.52 244.86 17.49 0.798
15840 950400 974.88 244.92 17.55 0.801
17280 1036800 1018.23 244.92 17.55 0.801
18720 1123200 1059.81 245.09 17.72 0.809
20160 1209600 1099.82 245.89 18.52 0.845
21600 1296000 1138.42 246.07 18.7 0.853
23040 1382400 1175.76 246.42 19.05 0.869
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Capillary Absorption of A1.4 (Untreated) (SA 28.57 cm2)
Actual Time (m) Seconds SEC.5 Mass (G) Y (g) M1 (g/cm2)
0 0 0 310.61 0 0
5 300 17.32 313.82 3.21 0.112
10 600 24.49 315.06 4.45 0.156
15 900 30.00 316.12 5.51 0.193
20 1200 34.64 317.02 6.41 0.224
25 1500 38.73 317.83 7.22 0.253
30 1800 42.43 318.56 7.95 0.278
45 2700 51.96 320.57 9.96 0.348
60 3600 60.00 322.19 11.58 0.405
90 5400 73.48 325.18 14.57 0.510
120 7200 84.85 327.57 16.96 0.593
150 9000 94.87 329.76 19.15 0.670
180 10800 103.92 330.65 20.04 0.701
210 12600 112.25 330.83 20.22 0.707
240 14400 120.00 330.94 20.33 0.711
300 18000 134.16 330.95 20.34 0.712
360 21600 146.97 331.02 20.41 0.714
1440 86400 293.94 331.59 20.98 0.734
2880 172800 415.69 332.55 21.94 0.768
4320 259200 509.12 333.3 22.69 0.794
5760 345600 587.88 333.87 23.26 0.814
7200 432000 657.27 334.36 23.75 0.831
8640 518400 720.00 334.49 23.88 0.836
10080 604800 777.69 334.63 24.02 0.840
11520 691200 831.38 334.81 24.2 0.847
12960 777600 881.82 334.89 24.28 0.850
14400 864000 929.52 335.24 24.63 0.862
15840 950400 974.88 335.33 24.72 0.865
17280 1036800 1018.23 335.42 24.81 0.868
18720 1123200 1059.81 335.66 25.05 0.876
20160 1209600 1099.82 335.79 25.18 0.881
21600 1296000 1138.42 335.9 25.29 0.885
23040 1382400 1175.76 336.15 25.54 0.894
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Capillary Absorption of B1.1 (Antihygro + KSE 300 E) (SA 21.81 cm2)
Actual Time (m) Seconds SEC.5 Mass (G) Y (g) M1 (g/cm2)
0 0 0 262.05 0 0
5 300 17.32 262.15 0.1 0.005
10 600 24.49 262.18 0.13 0.006
15 900 30.00 262.2 0.15 0.007
20 1200 34.64 262.22 0.17 0.008
25 1500 38.73 262.23 0.18 0.008
30 1800 42.43 262.25 0.2 0.009
45 2700 51.96 262.31 0.26 0.012
60 3600 60.00 262.33 0.28 0.013
90 5400 73.48 262.43 0.38 0.017
120 7200 84.85 262.49 0.44 0.020
150 9000 94.87 262.55 0.5 0.023
180 10800 103.92 262.61 0.56 0.026
210 12600 112.25 262.65 0.6 0.028
240 14400 120.00 262.69 0.64 0.029
300 18000 134.16 262.79 0.74 0.034
360 21600 146.97 262.9 0.85 0.039
1440 86400 293.94 264.01 1.96 0.090
2880 172800 415.69 264.64 2.59 0.119
4320 259200 509.12 264.89 2.84 0.130
5760 345600 587.88 265.2 3.15 0.144
7200 432000 657.27 265.16 3.11 0.143
8640 518400 720.00 265.09 3.04 0.139
10080 604800 777.69 265.13 3.08 0.141
11520 691200 831.38 265.2 3.15 0.144
12960 777600 881.82 265.16 3.11 0.143
14400 864000 929.52 265.63 3.58 0.164
15840 950400 974.88 265.8 3.75 0.172
17280 1036800 1018.23 266.12 4.07 0.187
18720 1123200 1059.81 269.54 7.49 0.343
20160 1209600 1099.82 270.57 8.52 0.391
21600 1296000 1138.42 271.4 9.35 0.429
23040 1382400 1175.76 272.54 10.49 0.481
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Capillary Absorption of B1.2 (Antihygro + KSE 300 E) (SA 23.23 cm2)
Actual Time (m) Seconds SEC.5 Mass (G) Y (g) M1 (g/cm2)
0 0 0 257.74 0 0
5 300 17.32 257.84 0.1 0.004
10 600 24.49 257.87 0.13 0.006
15 900 30.00 257.91 0.17 0.007
20 1200 34.64 257.93 0.19 0.008
25 1500 38.73 257.94 0.2 0.009
30 1800 42.43 257.95 0.21 0.009
45 2700 51.96 258.01 0.27 0.012
60 3600 60.00 258.04 0.3 0.013
90 5400 73.48 258.14 0.4 0.017
120 7200 84.85 258.21 0.47 0.020
150 9000 94.87 258.28 0.54 0.023
180 10800 103.92 258.33 0.59 0.025
210 12600 112.25 258.39 0.65 0.028
240 14400 120.00 258.44 0.7 0.030
300 18000 134.16 258.54 0.8 0.034
360 21600 146.97 258.66 0.92 0.040
1440 86400 293.94 259.68 1.94 0.084
2880 172800 415.69 260.33 2.59 0.111
4320 259200 509.12 260.65 2.91 0.125
5760 345600 587.88 260.88 3.14 0.135
7200 432000 657.27 260.84 3.1 0.133
8640 518400 720.00 260.85 3.11 0.134
10080 604800 777.69 260.88 3.14 0.135
11520 691200 831.38 260.97 3.23 0.139
12960 777600 881.82 260.9 3.16 0.136
14400 864000 929.52 261.3 3.56 0.153
15840 950400 974.88 261.45 3.71 0.160
17280 1036800 1018.23 261.68 3.94 0.170
18720 1123200 1059.81 264.84 7.1 0.306
20160 1209600 1099.82 265.95 8.21 0.353
21600 1296000 1138.42 266.94 9.2 0.396
23040 1382400 1175.76 268.23 10.49 0.452
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Capillary Absorption of B1.3 (Antihygro + KSE 300 E) (SA 23.26 cm2)
Actual Time (m) Seconds SEC.5 Mass (G) Y (g) M1 (g/cm2)
0 0 0 233.13 0 0
5 300 17.32 233.27 0.14 0.006
10 600 24.49 233.29 0.16 0.007
15 900 30.00 233.31 0.18 0.008
20 1200 34.64 233.34 0.21 0.009
25 1500 38.73 233.34 0.21 0.009
30 1800 42.43 233.36 0.23 0.010
45 2700 51.96 233.4 0.27 0.012
60 3600 60.00 233.41 0.28 0.012
90 5400 73.48 233.51 0.38 0.016
120 7200 84.85 233.58 0.45 0.019
150 9000 94.87 233.65 0.52 0.022
180 10800 103.92 233.7 0.57 0.025
210 12600 112.25 233.76 0.63 0.027
240 14400 120.00 233.82 0.69 0.030
300 18000 134.16 233.91 0.78 0.034
360 21600 146.97 234.03 0.9 0.039
1440 86400 293.94 234.89 1.76 0.076
2880 172800 415.69 234.89 1.76 0.076
4320 259200 509.12 235.28 2.15 0.092
5760 345600 587.88 235.46 2.33 0.100
7200 432000 657.27 235.63 2.5 0.107
8640 518400 720.00 235.53 2.4 0.103
10080 604800 777.69 235.59 2.46 0.106
11520 691200 831.38 235.66 2.53 0.109
12960 777600 881.82 235.63 2.5 0.107
14400 864000 929.52 236.29 3.16 0.136
15840 950400 974.88 236.56 3.43 0.147
17280 1036800 1018.23 236.94 3.81 0.164
18720 1123200 1059.81 239.96 6.83 0.294
20160 1209600 1099.82 241.11 7.98 0.343
21600 1296000 1138.42 242.01 8.88 0.382
23040 1382400 1175.76 243.3 10.17 0.437
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Capillary Absorption of B1.4 (Antihygro + KSE 300 E) (SA 24.66 cm2)
Actual Time (m) Seconds Sec.5 Mass (G) Y (g) M1 (g/cm2)
0 0 0 268.8 0 0
5 300 17.32 268.89 0.09 0.004
10 600 24.49 268.92 0.12 0.005
15 900 30.00 268.95 0.15 0.006
20 1200 34.64 268.97 0.17 0.007
25 1500 38.73 268.98 0.18 0.007
30 1800 42.43 268.99 0.19 0.008
45 2700 51.96 269.05 0.25 0.010
60 3600 60.00 269.07 0.27 0.011
90 5400 73.48 269.19 0.39 0.016
120 7200 84.85 269.24 0.44 0.018
150 9000 94.87 269.33 0.53 0.021
180 10800 103.92 269.38 0.58 0.024
210 12600 112.25 269.45 0.65 0.026
240 14400 120.00 269.51 0.71 0.029
300 18000 134.16 269.6 0.8 0.032
360 21600 146.97 269.73 0.93 0.038
1440 86400 293.94 270.75 1.95 0.079
2880 172800 415.69 271.34 2.54 0.103
4320 259200 509.12 271.63 2.83 0.115
5760 345600 587.88 271.76 2.96 0.120
7200 432000 657.27 271.76 2.96 0.120
8640 518400 720.00 271.79 2.99 0.121
10080 604800 777.69 271.82 3.02 0.122
11520 691200 831.38 271.9 3.1 0.126
12960 777600 881.82 271.89 3.09 0.125
14400 864000 929.52 272.55 3.75 0.152
15840 950400 974.88 272.72 3.92 0.159
17280 1036800 1018.23 273.24 4.44 0.180
18720 1123200 1059.81 276.48 7.68 0.311
20160 1209600 1099.82 277.65 8.85 0.359
21600 1296000 1138.42 278.8 10 0.406
23040 1382400 1175.76 279.92 11.12 0.451
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INITIAL WEIGHT 235.59 VOLUME 119.1338
TIME Time (h) Mass (g) Ψ (g) MC (g/cm3) Drying Rate (g/cm3/h)
0 0.00 255.83 20.24 0.16989 0.00E+00
3 0.05 255.72 20.13 0.16897 -3.08E-04
6 0.10 255.62 20.03 0.16813 -2.80E-04
9 0.15 255.52 19.93 0.16729 -2.80E-04
12 0.20 255.44 19.85 0.16662 -2.24E-04
15 0.25 255.37 19.78 0.16603 -1.96E-04
20 0.33 255.25 19.66 0.16502 -2.01E-04
25 0.42 255.14 19.55 0.16410 -1.85E-04
30 0.50 255.06 19.47 0.16343 -1.34E-04
45 0.75 254.79 19.20 0.16116 -1.51E-04
60 1.00 254.54 18.95 0.15906 -1.40E-04
93 1.55 253.98 18.39 0.15436 -1.42E-04
165 2.75 252.87 17.28 0.14505 -1.29E-04
459 7.65 247 11.41 0.09577 -1.68E-04
1368 22.80 236.89 1.30 0.01091 -9.34E-05
2353 39.22 236.01 0.42 0.00353 -7.50E-06
2848 47.47 235.81 0.22 0.00101 -5.09E-06
4135 68.92 235.71 0.12 0.00101 0.00E+00
5509 91.82 235.73 0.14 0.00118 1.22E-07
6260 104.33 235.78 0.19 0.00159 5.59E-07
6740 112.33 235.77 0.18 0.00151 -1.75E-07
FINAL 235.59
240.99
Drying Index A1.1 (Volume 119.1338 cm3)
AppendiX f: drYing indeX dAtA
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INITIAL WEIGHT 242.84 VOLUME 120.6384
TIME Time (h) Mass (g) Ψ (g) MC (g/cm3) Drying Rate (g/cm3/h)
0 0.00 263.16 20.32 0.16844 0.00E+00 246.65
3 0.05 263.02 20.18 0.16728 -3.87E-04
6 0.10 262.89 20.05 0.16620 -3.59E-04
9 0.15 262.79 19.95 0.16537 -2.76E-04
12 0.20 262.7 19.86 0.16462 -2.49E-04
15 0.25 262.63 19.79 0.16404 -1.93E-04
20 0.33 262.5 19.66 0.16297 -2.16E-04
25 0.42 262.4 19.56 0.16214 -1.66E-04
30 0.50 262.31 19.47 0.16139 -1.49E-04
45 0.75 262.08 19.24 0.15948 -1.27E-04
60 1.00 261.84 19.00 0.15750 -1.33E-04
93 1.55 261.33 18.49 0.15327 -1.28E-04
165 2.75 260.33 17.49 0.14498 -1.15E-04
459 7.65 254.55 11.71 0.09707 -1.63E-04
1368 22.80 244.32 1.48 0.01227 -9.33E-05
2353 39.22 243.31 0.47 0.00390 -8.50E-06
2848 47.47 243.1 0.26 0.00108 -5.69E-06
4135 68.92 242.97 0.13 0.00108 0.00E+00
5509 91.82 242.99 0.15 0.00124 1.21E-07
6260 104.33 243.03 0.19 0.00157 4.42E-07
6740 112.33 243.06 0.22 0.00182 5.18E-07
FINAL 242.84
Drying Index A1.2 (Volume 120.6384 cm3)
165
INITIAL WEIGHT 224.07 VOLUME 109.1406
TIME Time (h) Mass (g) Ψ (g) MC (g/cm3) Drying Rate (g/cm3/h)
0 0.00 242.35 18.28 0.16749 0.00E+00
3 0.05 242.23 18.16 0.16639 -3.66E-04 227.54
6 0.10 242.1 18.03 0.16520 -3.97E-04
9 0.15 242.02 17.95 0.16447 -2.44E-04
12 0.20 241.92 17.85 0.16355 -3.05E-04
15 0.25 241.85 17.78 0.16291 -2.14E-04
20 0.33 241.74 17.67 0.16190 -2.02E-04
25 0.42 241.64 17.57 0.16099 -1.83E-04
30 0.50 241.55 17.48 0.16016 -1.65E-04
45 0.75 241.33 17.26 0.15814 -1.34E-04
60 1.00 241.09 17.02 0.15595 -1.47E-04
93 1.55 240.61 16.54 0.15155 -1.33E-04
165 2.75 239.54 15.47 0.14174 -1.36E-04
459 7.65 233.76 9.69 0.08878 -1.80E-04
1368 22.80 225.16 1.09 0.00999 -8.67E-05
2353 39.22 224.42 0.35 0.00321 -6.88E-06
2848 47.47 224.27 0.20 0.00110 -4.26E-06
4135 68.92 224.19 0.12 0.00110 0.00E+00
5509 91.82 224.22 0.15 0.00137 2.00E-07
6260 104.33 224.24 0.17 0.00156 2.44E-07
6740 112.33 224.25 0.18 0.00165 1.91E-07
FINAL 224.07
Drying Index A1.3 (Volume 109.1406 cm3)
166
INITIAL WEIGHT 306.80 VOLUME 149.6081
TIME Time (h) Mass (g) Ψ (g) MC (g/cm3) Drying Rate (g/cm3/h)
0 0.00 332.31 25.51 0.17051 0.00E+00
3 0.05 332.17 25.37 0.16958 -3.12E-04
6 0.10 332.03 25.23 0.16864 -3.12E-04
9 0.15 331.91 25.11 0.16784 -2.67E-04 310.90
12 0.20 331.81 25.01 0.16717 -2.23E-04
15 0.25 331.72 24.92 0.16657 -2.01E-04
20 0.33 331.59 24.79 0.16570 -1.74E-04
25 0.42 331.47 24.67 0.16490 -1.60E-04
30 0.50 331.36 24.56 0.16416 -1.47E-04
45 0.75 331.05 24.25 0.16209 -1.38E-04
60 1.00 330.76 23.96 0.16015 -1.29E-04
93 1.55 330.14 23.34 0.15601 -1.26E-04
165 2.75 328.82 22.02 0.14718 -1.23E-04
459 7.65 322.07 15.27 0.10207 -1.53E-04
1368 22.80 309.12 2.32 0.01551 -9.52E-05
2353 39.22 307.64 0.84 0.00561 -1.00E-05
2848 47.47 307.3 0.50 0.00134 -8.64E-06
4135 68.92 307 0.20 0.00134 0.00E+00
5509 91.82 307 0.20 0.00134 0.00E+00
6260 104.33 307.07 0.27 0.00180 6.23E-07
6740 112.33 307.08 0.28 0.00187 1.39E-07
FINAL 306.8
Drying Index A1.4 (Volume 149.6081 cm3)
167
INITIAL WEIGHT 255.81 VOLUME 122.4585
TIME Time (h) Mass (g) Ψ (g) MC (g/cm3) Drying Rate (g/cm3/h)
0 0.00 271.08 15.27 0.12470 0.00E+00
3 0.05 270.95 15.14 0.12363 -3.54E-04
6 0.10 270.83 15.02 0.12265 -3.27E-04
9 0.15 270.74 14.93 0.12192 -2.45E-04 262.54
12 0.20 270.65 14.84 0.12118 -2.45E-04
15 0.25 270.59 14.78 0.12069 -1.63E-04
20 0.33 270.45 14.64 0.11955 -2.29E-04
25 0.42 270.38 14.57 0.11898 -1.14E-04
30 0.50 270.27 14.46 0.11808 -1.80E-04
45 0.75 270.02 14.21 0.11604 -1.36E-04
60 1.00 269.78 13.97 0.11408 -1.31E-04
93 1.55 269.26 13.45 0.10983 -1.29E-04
165 2.75 268.19 12.38 0.10110 -1.21E-04
459 7.65 263.46 7.65 0.06247 -1.31E-04
1368 22.80 258.71 2.90 0.02368 -4.27E-05
2353 39.22 257.68 1.87 0.01527 -8.54E-06
2848 47.47 257.31 1.50 0.00751 -1.57E-05
4135 68.92 256.73 0.92 0.00751 0.00E+00
5509 91.82 256.45 0.64 0.00523 -1.66E-06
6260 104.33 256.43 0.62 0.00506 -2.17E-07
6740 112.33 256.42 0.61 0.00498 -1.70E-07
FINAL 255.81
Drying Index B1.1 (Volume 122.4585 cm3)
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INITIAL WEIGHT 252.29 VOLUME 121.0517
TIME Time (h) Mass (g) Ψ (g) MC (g/cm3) Drying Rate (g/cm3/h)
0 0.00 267.34 15.05 0.12433 0.00E+00
3 0.05 267.21 14.92 0.12325 -3.58E-04
6 0.10 267.06 14.77 0.12201 -4.13E-04 258.25
9 0.15 266.98 14.69 0.12135 -2.20E-04
12 0.20 266.9 14.61 0.12069 -2.20E-04
15 0.25 266.83 14.54 0.12011 -1.93E-04
20 0.33 266.72 14.43 0.11921 -1.82E-04
25 0.42 266.64 14.35 0.11854 -1.32E-04
30 0.50 266.54 14.25 0.11772 -1.65E-04
45 0.75 266.3 14.01 0.11574 -1.32E-04
60 1.00 266.06 13.77 0.11375 -1.32E-04
93 1.55 265.55 13.26 0.10954 -1.28E-04
165 2.75 264.48 12.19 0.10070 -1.23E-04
459 7.65 259.78 7.49 0.06187 -1.32E-04
1368 22.80 254.99 2.70 0.02230 -4.35E-05
2353 39.22 254.08 1.79 0.01479 -7.63E-06
2848 47.47 253.73 1.44 0.00743 -1.49E-05
4135 68.92 253.19 0.90 0.00743 0.00E+00
5509 91.82 252.93 0.64 0.00529 -1.56E-06
6260 104.33 252.92 0.63 0.00520 -1.10E-07
6740 112.33 252.92 0.63 0.00520 0.00E+00
FINAL 252.29
Drying Index B1.2 (Volume 121.0517 cm3)
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INITIAL WEIGHT 228.59 VOLUME 109.4126
TIME Time (h) Mass (g) Ψ (g) MC (g/cm3) Drying Rate (g/cm3/h)
0 0.00 242.66 14.07 0.12860 0.00E+00
3 0.05 242.54 13.95 0.12750 -3.66E-04
6 0.10 242.42 13.83 0.12640 -3.66E-04
9 0.15 242.32 13.73 0.12549 -3.05E-04
12 0.20 242.24 13.65 0.12476 -2.44E-04 233.52
15 0.25 242.16 13.57 0.12403 -2.44E-04
20 0.33 242.04 13.45 0.12293 -2.19E-04
25 0.42 241.93 13.34 0.12192 -2.01E-04
30 0.50 241.82 13.23 0.12092 -2.01E-04
45 0.75 241.54 12.95 0.11836 -1.71E-04
60 1.00 241.26 12.67 0.11580 -1.71E-04
93 1.55 240.66 12.07 0.11032 -1.66E-04
165 2.75 239.34 10.75 0.09825 -1.68E-04
459 7.65 234.64 6.05 0.05530 -1.46E-04
1368 22.80 230.98 2.39 0.02184 -3.68E-05
2353 39.22 230.09 1.50 0.01371 -8.26E-06
2848 47.47 229.75 1.16 0.00622 -1.51E-05
4135 68.92 229.27 0.68 0.00622 0.00E+00
5509 91.82 229.06 0.47 0.00430 -1.40E-06
6260 104.33 229.06 0.47 0.00430 0.00E+00
6740 112.33 229.04 0.45 0.00411 -3.81E-07
FINAL 228.59
Drying Index B1.3 (Volume 109.4126 cm3)
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INITIAL WEIGHT 263.74 VOLUME 125.5096
TIME Time (h) Mass (g) Ψ (g) MC (g/cm3) Drying Rate (g/cm3/h)
0 0.00 279.58 15.84 0.12621 0.00E+00
3 0.05 279.4 15.66 0.12477 -2.87E-02
6 0.10 279.27 15.53 0.12374 -2.07E-02
9 0.15 279.14 15.40 0.12270 -2.07E-02
12 0.20 279.05 15.31 0.12198 -1.43E-02
15 0.25 278.96 15.22 0.12127 -1.43E-02
20 0.33 278.82 15.08 0.12015 -1.34E-02
25 0.42 278.69 14.95 0.11911 -1.24E-02
30 0.50 278.56 14.82 0.11808 -1.24E-02
45 0.75 278.21 14.47 0.11529 -1.12E-02
60 1.00 277.87 14.13 0.11258 -1.08E-02
93 1.55 277.16 13.42 0.10692 -1.03E-02
165 2.75 275.64 11.90 0.09481 -1.01E-02
459 7.65 270.63 6.89 0.05490 -8.15E-03
1368 22.80 266.86 3.12 0.02486 -1.98E-03
2353 39.22 265.8 2.06 0.01641 -5.14E-04
2848 47.47 265.42 1.68 0.00821 -9.95E-04
4135 68.92 264.77 1.03 0.00821 0.00E+00
5509 91.82 264.45 0.71 0.00566 -1.11E-04
6260 104.33 264.42 0.68 0.00542 -1.91E-05
6740 112.33 264.39 0.65 0.00518 -2.99E-05
FINAL 263.74
Drying Index B1.4 (Volume 125.5096 cm3)
A1.1 A1.2 A1.3 A1.4 B1.1 B1.2 B1.3 B1.4
Initial Drying Rate 0.2272 0.2164 0.2395 0.2092 0.1905 0.1909 0.2271 0.2208
Correlation Factor 0.9981 0.9962 0.9967 0.9979 0.9974 0.9976 0.9959 0.9917
0.223075 0.207325
0.929396
Calculations for Initial Drying Rates
171
AppendiX g: wAter vApor trAnsmission 
dAtA
SAMPLE A2.1 AVG AVG WVT 0.35
A (CM2) 26.14 THICKNESS MM 9.92083333 AVG PERM 3.46E‐04
WEIGHT 52.50 THICKNESS CM 0.99208333
WEIGHT 2 610.86
TIME (T) WEIGHT RH TEMP (°C) Δ WEIGHT (G) G/T WVT (G/TA S (mm Hg) R1‐R2 PERMEANCE
0 610.86 49 21.3 0.00 0.0000 0.00 18.997 51 0.00E+00
0.25 610.87 41 21.3 ‐0.01 ‐0.0400 ‐1.05 18.997 59 ‐9.33E‐04
0.5 610.86 44 21.3 0.00 0.0000 0.00 18.997 56 0.00E+00
0.75 610.86 44 21.3 0.00 0.0000 0.00 18.997 56 0.00E+00
1 610.86 43 21.3 0.00 0.0000 0.00 18.997 57 0.00E+00
1.5 610.86 50 21.2 0.00 0.0000 0.00 18.880 50 0.00E+00
2 610.85 50 21.6 0.01 0.0050 0.13 19.349 50 1.35E‐04
3 610.85 55 21.9 0.01 0.0033 0.09 19.729 45 9.81E‐05
4 610.84 60 21.7 0.02 0.0050 0.13 19.468 40 1.68E‐04
17.5 610.61 48 21.80 0.25 0.0143 0.37 19.587 52 3.67E‐04
24 610.53 49 22.10 0.33 0.0138 0.36 19.970 51 3.53E‐04
48 610.22 48 21.7 0.64 0.0133 0.35 19.468 52 3.44E‐04
72 609.94 53 21.3 0.92 0.0128 0.33 18.997 47 3.74E‐04
96 609.60 52 21.9 1.26 0.0131 0.34 19.729 48 3.62E‐04
120 609.30 52 20.6 1.56 0.0130 0.34 18.197 48 3.89E‐04
144 609.01 58 20.3 1.85 0.0128 0.34 17.864 42 4.48E‐04
168 608.69 53 20.3 2.17 0.0129 0.34 17.864 47 4.02E‐04
192 608.44 57 20.6 2.42 0.0126 0.33 18.197 43 4.21E‐04
216 608.08 45 21.3 2.78 0.0129 0.34 18.997 55 3.22E‐04
240 607.64 47 22.4 3.22 0.0134 0.35 20.316 53 3.26E‐04
264 607.31 50 21.4 3.55 0.0134 0.35 19.113 50 3.68E‐04
288 606.96 52 21.4 3.90 0.0135 0.35 19.113 48 3.86E‐04
312 606.66 55 21.4 4.20 0.0135 0.35 19.113 45 4.09E‐04
336 606.29 52 21.6 4.57 0.0136 0.36 19.349 48 3.83E‐04
360 606.06 55 20.9 4.80 0.0133 0.35 18.536 45 4.18E‐04
384 605.69 50 22.1 5.17 0.0135 0.35 19.970 50 3.52E‐04
408 605.32 48 23 5.54 0.0136 0.35 21.068 52 3.24E‐04
432 605.03 56 23.4 5.83 0.0135 0.35 21.583 44 3.71E‐04
456 604.73 56 22.2 6.13 0.0134 0.35 20.070 44 3.98E‐04
480 604.25 49 23.4 6.61 0.0138 0.36 21.583 51 3.27E‐04
504 603.91 52 22 6.95 0.0138 0.36 19.870 48 3.78E‐04
528 603.52 53 22.3 7.34 0.0139 0.36 20.193 47 3.83E‐04
552 603.15 46 22.5 7.71 0.0140 0.37 20.441 54 3.31E‐04
AVG TEMP and RH 51 21.66061
Water Vapor Transmission Data A2.1 (thickness 0.992 cm)
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SAMPLE A2.2 AVG WVT 0.40
A (CM2) 26.90 THICKNESS 9.38 AVG PERM 4.14E‐04
WEIGHT 50.69 THICKNESS 0.9375
WEIGHT 2 545.75
TIME (T) WEIGHT RH % TEMP (°C) Δ WEIGHT (G) G/T WVT (G/TA) S (mm Hg) R1‐R2 PERMEANCE
0 545.75 49 21.30 0.00 0.00 0.00 18.997 51 0.00E+00
0.25 545.74 41 21.30 0.01 0.04 1.08 18.997 59 9.60E‐04
0.5 545.76 44 21.30 ‐0.01 ‐0.02 ‐0.54 18.997 56 ‐5.06E‐04
0.75 545.75 44 21.30 0.00 0.00 0.00 18.997 56 0.00E+00
1 545.74 43 21.30 0.01 0.01 0.27 18.997 57 2.48E‐04
1.5 545.73 50 21.20 0.02 0.01 0.36 18.880 50 3.80E‐04
2 545.73 50 21.60 0.02 0.01 0.27 19.349 50 2.78E‐04
3 545.71 55 21.90 0.04 0.01 0.36 19.729 45 4.04E‐04
4 545.68 60 21.70 0.07 0.02 0.47 19.468 40 6.05E‐04
17.5 545.45 48 21.80 0.30 0.02 0.46 19.587 52 4.53E‐04
24 545.34 49 22.10 0.41 0.02 0.46 19.970 51 4.51E‐04
48 545.00 48 21.7 0.75 0.02 0.42 19.468 52 4.15E‐04
72 544.68 53 21.3 1.07 0.01 0.40 18.997 47 4.48E‐04
96 544.29 52 21.9 1.46 0.02 0.41 19.729 48 4.32E‐04
120 543.94 52 20.6 1.81 0.02 0.41 18.197 48 4.65E‐04
144 543.60 58 20.3 2.15 0.01 0.40 17.864 42 5.35E‐04
168 543.24 53 20.3 2.51 0.01 0.40 17.864 47 4.79E‐04
192 542.94 57 20.6 2.81 0.01 0.39 18.197 43 5.03E‐04
216 542.54 45 21.3 3.21 0.01 0.40 18.997 55 3.83E‐04
240 542.11 47 22.4 3.64 0.02 0.41 20.316 53 3.79E‐04
264 541.71 50 21.4 4.04 0.02 0.41 19.113 50 4.31E‐04
288 541.35 52 21.4 4.40 0.02 0.41 19.113 48 4.48E‐04
312 541.03 55 21.4 4.72 0.02 0.41 19.113 45 4.73E‐04
336 540.61 52 21.6 5.14 0.02 0.41 19.349 48 4.43E‐04
360 540.34 55 20.9 5.41 0.02 0.40 18.536 50 4.36E‐04
384 539.94 50 22.1 5.81 0.02 0.41 19.970 51 4.00E‐04
408 539.58 48 23 6.17 0.02 0.41 21.068 52 3.71E‐04
432 539.24 56 23.4 6.51 0.02 0.41 21.583 53 3.54E‐04
456 538.88 56 22.2 6.87 0.02 0.41 20.07 54 3.74E‐04
480 538.4 49 23.4 7.35 0.02 0.41 21.583 55 3.47E‐04
504 538.02 52 22 7.73 0.02 0.41 19.870 56 3.71E‐04
528 537.61 53 22.3 8.14 0.02 0.41 20.193 57 3.60E‐04
552 537.22 46 22.5 8.53 0.02 0.42 20.441 58 3.51E‐04
Water Vapor Transmission Data A2.2 (thickness 0.938 cm)
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SAMPLE A2.3 AVG WVT 0.39
A (CM2) 27.82 THICKNESS 9.51916667 AVG PERM 4.04E‐04
WEIGHT 53.97 THICKNESS 0.95191667
WEIGHT 2 504.91
TIME (T) WEIGHT RH % TEMP (°C) Δ WEIGHT (G) G/T WVT (G/TA) S (mm Hg) R1‐R2 PERMEANCE
0 504.91 49 21.30 0.00 0.00 0.00 18.997 51 0.00E+00
0.25 504.92 41 21.30 ‐0.01 ‐0.04 ‐1.11 18.997 59 ‐9.93E‐04
0.5 504.93 44 21.30 ‐0.02 ‐0.04 ‐1.11 18.997 56 ‐1.05E‐03
0.75 504.93 44 21.30 ‐0.02 ‐0.03 ‐0.74 18.997 56 ‐6.97E‐04
1 504.92 43 21.30 ‐0.01 ‐0.01 ‐0.28 18.997 57 ‐2.57E‐04
1.5 504.92 50 21.20 ‐0.01 ‐0.01 ‐0.19 18.880 50 ‐1.96E‐04
2 504.91 50 21.60 0.00 0.00 0.00 19.349 50 0.00E+00
3 504.91 55 21.90 0.00 0.00 0.00 19.729 45 0.00E+00
4 504.88 60 21.70 0.03 0.01 0.21 19.468 40 2.68E‐04
17.5 504.66 48 21.80 0.25 0.01 0.40 19.587 52 3.90E‐04
24 504.57 49 22.10 0.34 0.01 0.39 19.970 51 3.87E‐04
48 504.22 48 21.7 0.69 0.01 0.40 19.468 52 3.95E‐04
72 503.93 53 21.3 0.98 0.01 0.38 18.997 47 4.24E‐04
96 503.55 52 21.9 1.36 0.01 0.39 19.729 48 4.16E‐04
120 503.20 52 20.6 1.71 0.01 0.40 18.197 48 4.54E‐04
144 502.90 58 20.3 2.01 0.01 0.39 17.864 42 5.18E‐04
168 502.57 53 20.3 2.34 0.01 0.39 17.864 47 4.62E‐04
192 502.27 57 20.6 2.64 0.01 0.38 18.197 43 4.89E‐04
216 501.91 45 21.3 3.00 0.01 0.39 18.997 55 3.70E‐04
240 501.52 47 22.4 3.39 0.01 0.39 20.316 53 3.65E‐04
264 501.14 50 21.4 3.77 0.01 0.40 19.113 50 4.16E‐04
288 500.8 52 21.4 4.11 0.01 0.40 19.113 48 4.33E‐04
312 500.46 55 21.4 4.45 0.01 0.40 19.113 45 4.61E‐04
336 500.05 52 21.6 4.86 0.01 0.40 19.349 48 4.33E‐04
360 499.77 55 20.9 5.14 0.01 0.40 18.536 49 4.37E‐04
384 499.39 50 22.1 5.52 0.01 0.40 19.970 50 4.01E‐04
408 499 48 23 5.91 0.01 0.40 21.068 51 3.75E‐04
432 498.65 56 23.4 6.26 0.01 0.40 21.583 52 3.59E‐04
456 498.27 56 22.2 6.64 0.01 0.41 20.070 53 3.81E‐04
480 497.8 49 23.4 7.11 0.01 0.41 21.583 54 3.54E‐04
504 497.41 52 22 7.50 0.01 0.41 19.870 55 3.79E‐04
528 497.01 53 22.3 7.90 0.01 0.42 20.193 56 3.68E‐04
552 496.64 46 22.5 8.27 0.01 0.42 20.441 57 3.58E‐04
Water Vapor Transmission Data A2.3 (thickness 0.952 cm)
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SAMPLE A2.4 AVG WVT 0.35
A (CM2) 27.08 THICKNES 9.93 AVG PERM 3.66E‐04
WEIGHT 54.09 THICKNES 0.993
WEIGHT 2 576.27
TIME (T) WEIGHT RH % TEMP (°C) Δ WEIGHT (G) G/T WVT (G/TA) S (mm Hg) R1‐R2 PERMEANCE
0 576.27 49 21.30 0.00 0.00 0.00 18.997 51 0.00E+00
0.25 576.28 41 21.30 ‐0.01 ‐0.04 ‐1.08 18.997 59 ‐9.66E‐04
0.5 576.27 44 21.30 0.00 0.00 0.00 18.997 56 0.00E+00
0.75 576.28 44 21.30 ‐0.01 ‐0.01 ‐0.36 18.997 56 ‐3.39E‐04
1 576.27 43 21.30 0.00 0.00 0.00 18.997 57 0.00E+00
1.5 576.27 50 21.20 0.00 0.00 0.00 18.880 50 0.00E+00
2 576.26 50 21.60 0.01 0.00 0.14 19.349 50 1.40E‐04
3 576.25 55 21.90 0.02 0.01 0.18 19.729 45 2.03E‐04
4 576.24 60 21.70 0.03 0.01 0.20 19.468 40 2.61E‐04
17.5 576.01 48 21.80 0.26 0.01 0.40 19.587 52 3.95E‐04
24 575.92 49 22.10 0.35 0.01 0.39 19.970 51 3.88E‐04
48 575.59 48 21.7 0.68 0.01 0.38 19.468 52 3.79E‐04
72 575.29 53 21.3 0.98 0.01 0.37 18.997 47 4.13E‐04
96 574.94 52 21.9 1.33 0.01 0.38 19.729 48 3.96E‐04
120 574.59 52 20.6 1.68 0.01 0.38 18.197 48 4.34E‐04
144 574.29 58 20.3 1.98 0.01 0.37 17.864 42 4.96E‐04
168 574.00 53 20.3 2.27 0.01 0.37 17.864 47 4.36E‐04
192 573.70 57 20.6 2.57 0.01 0.36 18.197 43 4.63E‐04
216 573.36 45 21.3 2.91 0.01 0.36 18.997 55 3.49E‐04
240 572.96 47 22.4 3.31 0.01 0.37 20.316 53 3.47E‐04
264 572.58 50 21.4 3.69 0.01 0.38 19.113 50 3.96E‐04
288 572.27 52 21.4 4.00 0.01 0.38 19.113 48 4.10E‐04
312 571.97 55 21.4 4.30 0.01 0.37 19.113 45 4.34E‐04
336 571.59 52 21.6 4.68 0.01 0.38 19.349 48 4.06E‐04
360 571.35 55 20.9 4.92 0.01 0.37 18.536 49 4.07E‐04
384 570.99 50 22.1 5.28 0.01 0.37 19.970 50 3.73E‐04
408 570.66 48 23 5.61 0.01 0.37 21.068 51 3.47E‐04
432 570.34 56 23.4 5.93 0.01 0.37 21.583 52 3.31E‐04
456 570.03 56 22.2 6.24 0.01 0.37 20.070 53 3.48E‐04
480 569.57 49 23.4 6.70 0.01 0.38 21.583 54 3.24E‐04
504 569.21 52 22 7.06 0.01 0.38 19.870 55 3.47E‐04
528 568.86 53 22.3 7.41 0.01 0.38 20.193 56 3.36E‐04
552 568.52 46 22.5 7.75 0.01 0.38 20.441 57 3.26E‐04
Water Vapor Transmission Data A2.4 (thickness 0.993 cm)
175
SAMPLE B2.1 AVG WVT 0.20
A (CM2) 27.08 THICKNESS 10.18666667 AVG PERM 2.08E‐04
WEIGHT 58.00 THICKNESS 1.018666667
WEIGHT 2 601.62
TIME (T) WEIGHT RH % TEMP (°C) Δ WEIGHT (G) G/T WVT (G/TA) S (mm Hg) R1‐R2 PERMEANCE
0 601.62 49 21.30 0.00 0.00 0.00 18.997 51 0.00E+00
0.25 601.62 41 21.30 0.00 0.00 0.00 18.997 59 0.00E+00
0.5 601.62 44 21.30 0.00 0.00 0.00 18.997 56 0.00E+00
0.75 601.61 44 21.30 0.01 0.01 0.36 18.997 56 3.39E‐04
1 601.62 43 21.30 0.00 0.00 0.00 18.997 57 0.00E+00
1.5 601.62 50 21.20 0.00 0.00 0.00 18.880 50 0.00E+00
2 601.63 50 21.60 ‐0.01 0.00 ‐0.14 19.349 50 ‐1.40E‐04
3 601.63 55 21.90 ‐0.01 0.00 ‐0.09 19.729 45 ‐1.02E‐04
4 601.62 60 21.70 0.00 0.00 0.00 19.468 40 0.00E+00
17.5 601.55 48 21.80 0.07 0.00 0.11 19.587 52 1.06E‐04
24 601.50 49 22.10 0.12 0.01 0.14 19.970 51 1.33E‐04
48 601.34 48 21.7 0.28 0.01 0.16 19.468 52 1.56E‐04
72 601.17 53 21.3 0.45 0.01 0.17 18.997 47 1.90E‐04
96 600.92 52 21.9 0.70 0.01 0.20 19.729 48 2.09E‐04
120 600.73 52 20.6 0.89 0.01 0.20 18.197 48 2.30E‐04
144 600.58 58 20.3 1.04 0.01 0.20 17.864 42 2.61E‐04
168 600.36 53 20.3 1.26 0.01 0.20 17.864 47 2.42E‐04
192 600.20 57 20.6 1.42 0.01 0.20 18.197 43 2.56E‐04
216 600.00 45 21.3 1.62 0.01 0.20 18.997 55 1.94E‐04
240 599.71 47 22.4 1.91 0.01 0.22 20.316 53 2.00E‐04
264 599.51 50 21.4 2.11 0.01 0.22 19.113 50 2.26E‐04
288 599.31 52 21.4 2.31 0.01 0.22 19.113 48 2.37E‐04
312 599.13 55 21.4 2.49 0.01 0.22 19.113 45 2.51E‐04
336 598.87 52 21.6 2.75 0.01 0.22 19.349 48 2.39E‐04
360 598.74 55 20.9 2.88 0.01 0.22 18.536 49 2.39E‐04
384 598.53 50 22.1 3.09 0.01 0.22 19.970 50 2.18E‐04
408 598.3 48 23 3.32 0.01 0.22 21.068 51 2.05E‐04
432 598.12 56 23.4 3.50 0.01 0.22 21.583 52 1.95E‐04
456 597.93 56 22.2 3.69 0.01 0.22 20.070 53 2.06E‐04
480 597.6 49 23.4 4.02 0.01 0.23 21.583 54 1.95E‐04
504 597.38 52 22 4.24 0.01 0.23 19.870 55 2.08E‐04
528 597.12 53 22.3 4.50 0.01 0.23 20.193 56 2.04E‐04
552 596.91 46 22.5 4.71 0.01 0.23 20.441 57 1.98E‐04
Water Vapor Transmission Data B2.1 (thickness 1.019 cm)
176
SAMPLE B2.2 AVG WVT 0.20
A (CM2) 26.14 THICKNESS M 9.9 AVG PERM 2.02E‐04
WEIGHT 53.39 THICKNESS C 0.99
WEIGHT 2 572.67
TIME (T) WEIGHT RH % TEMP (°C) Δ WEIGHT (G) G/T WVT (G/TA) S (mm Hg) R1‐R2 PERMEANCE
0 572.67 49 21.30 0.00 0.00 0.00 18.997 51 0.00E+00
0.25 572.68 41 21.30 ‐0.01 ‐0.04 ‐1.05 18.997 59 ‐9.33E‐04
0.5 572.69 44 21.30 ‐0.02 ‐0.04 ‐1.05 18.997 56 ‐9.83E‐04
0.75 572.69 44 21.30 ‐0.02 ‐0.03 ‐0.70 18.997 56 ‐6.55E‐04
1 572.68 43 21.30 ‐0.01 ‐0.01 ‐0.26 18.997 57 ‐2.41E‐04
1.5 572.69 50 21.20 ‐0.02 ‐0.01 ‐0.35 18.880 50 ‐3.69E‐04
2 572.69 50 21.60 ‐0.02 ‐0.01 ‐0.26 19.349 50 ‐2.70E‐04
3 572.70 55 21.90 ‐0.03 ‐0.01 ‐0.26 19.729 45 ‐2.94E‐04
4 572.69 60 21.70 ‐0.02 ‐0.01 ‐0.13 19.468 40 ‐1.68E‐04
17.5 572.61 48 21.80 0.06 0.00 0.09 19.587 52 8.80E‐05
24 572.55 49 22.10 0.12 0.01 0.13 19.970 51 1.28E‐04
48 572.39 48 21.7 0.28 0.01 0.15 19.468 52 1.51E‐04
72 572.21 53 21.3 0.46 0.01 0.17 18.997 47 1.87E‐04
96 571.96 52 21.9 0.71 0.01 0.19 19.729 48 2.04E‐04
120 571.77 52 20.6 0.90 0.01 0.20 18.197 48 2.24E‐04
144 571.59 58 20.3 1.08 0.01 0.20 17.864 42 2.61E‐04
168 571.40 53 20.3 1.27 0.01 0.20 17.864 47 2.35E‐04
192 571.23 57 20.6 1.44 0.01 0.20 18.197 43 2.51E‐04
216 571.02 45 21.3 1.65 0.01 0.20 18.997 55 1.91E‐04
240 570.74 47 22.4 1.93 0.01 0.21 20.316 53 1.95E‐04
264 570.53 50 21.4 2.14 0.01 0.21 19.113 50 2.22E‐04
288 570.32 52 21.4 2.35 0.01 0.21 19.113 48 2.32E‐04
312 570.14 55 21.4 2.53 0.01 0.21 19.113 45 2.46E‐04
336 569.89 52 21.6 2.78 0.01 0.22 19.349 48 2.33E‐04
360 569.76 55 20.9 2.91 0.01 0.21 18.536 49 2.33E‐04
384 569.55 50 22.1 3.12 0.01 0.21 19.970 50 2.13E‐04
408 569.35 48 23 3.32 0.01 0.21 21.068 51 1.98E‐04
432 569.18 56 23.4 3.49 0.01 0.21 21.583 52 1.88E‐04
456 569.01 56 22.2 3.66 0.01 0.21 20.070 53 1.97E‐04
480 568.68 49 23.4 3.99 0.01 0.22 21.583 54 1.86E‐04
504 568.46 52 22 4.21 0.01 0.22 19.870 55 2.00E‐04
528 568.23 53 22.3 4.44 0.01 0.22 20.193 56 1.94E‐04
552 568.02 46 22.5 4.65 0.01 0.22 20.441 57 1.89E‐04
Water Vapor Transmission Data B2.2 (thickness 0.990 cm)
177
SAMPLE B2.3 AVG WVT 0.19
A (CM2) 26.54 THICKNESS 9.995833333 AVG PERMEANCE 1.93E‐04
WEIGHT 55.58 THICKNESS 0.999583333 PERMEABILITY 1.93E‐04
WEIGHT 2 600.22
TIME (T) WEIGHT RH % TEMP (°C) Δ WEIGHT (G) G/T WVT (G/TA) S (mm Hg) R1‐R2 PERMEANCE
0 600.22 49 21.30 0.00 0.00 0.00 18.997 51 0.00E+00
0.25 600.25 41 21.30 ‐0.03 ‐0.12 ‐3.18 18.997 59 ‐2.84E‐03
0.5 600.24 44 21.30 ‐0.02 ‐0.04 ‐1.06 18.997 56 ‐9.98E‐04
0.75 600.24 44 21.30 ‐0.02 ‐0.03 ‐0.71 18.997 56 ‐6.65E‐04
1 600.24 43 21.30 ‐0.02 ‐0.02 ‐0.53 18.997 57 ‐4.90E‐04
1.5 600.26 50 21.20 ‐0.04 ‐0.03 ‐0.71 18.880 50 ‐7.50E‐04
2 600.25 50 21.60 ‐0.03 ‐0.01 ‐0.40 19.349 50 ‐4.11E‐04
3 600.25 55 21.90 ‐0.03 ‐0.01 ‐0.27 19.729 45 ‐2.99E‐04
4 600.24 60 21.70 ‐0.02 0.00 ‐0.13 19.468 40 ‐1.70E‐04
17.5 600.17 48 21.80 0.05 0.00 0.08 19.587 52 7.44E‐05
24 600.12 49 22.10 0.10 0.00 0.11 19.970 51 1.09E‐04
48 599.99 48 21.7 0.23 0.00 0.13 19.468 52 1.26E‐04
72 599.82 53 21.3 0.40 0.01 0.15 18.997 47 1.65E‐04
96 599.59 52 21.9 0.63 0.01 0.17 19.729 48 1.84E‐04
120 599.40 52 20.6 0.82 0.01 0.18 18.197 48 2.08E‐04
144 599.22 58 20.3 1.00 0.01 0.18 17.864 42 2.46E‐04
168 599.03 53 20.3 1.19 0.01 0.19 17.864 47 2.24E‐04
192 598.89 57 20.6 1.33 0.01 0.18 18.197 43 2.35E‐04
216 598.65 45 21.3 1.57 0.01 0.19 18.997 55 1.85E‐04
240 598.38 47 22.4 1.84 0.01 0.20 20.316 53 1.89E‐04
264 598.17 50 21.4 2.05 0.01 0.21 19.113 50 2.16E‐04
288 597.96 52 21.4 2.26 0.01 0.21 19.113 48 2.27E‐04
312 597.81 55 21.4 2.41 0.01 0.21 19.113 45 2.38E‐04
336 597.56 52 21.6 2.66 0.01 0.21 19.349 48 2.26E‐04
360 597.43 55 20.9 2.79 0.01 0.21 18.536 49 2.26E‐04
384 597.23 50 22.1 2.99 0.01 0.21 19.970 50 2.07E‐04
408 596.99 48 23 3.23 0.01 0.21 21.068 51 1.96E‐04
432 596.83 56 23.4 3.39 0.01 0.21 21.583 52 1.86E‐04
456 596.66 56 22.2 3.56 0.01 0.21 20.070 53 1.95E‐04
480 596.33 49 23.4 3.89 0.01 0.22 21.583 54 1.85E‐04
504 596.12 52 22 4.10 0.01 0.22 19.870 55 1.98E‐04
528 595.86 53 22.3 4.36 0.01 0.22 20.193 56 1.94E‐04
552 595.63 46 22.5 4.59 0.01 0.22 20.441 57 1.89E‐04
Water Vapor Transmission Data B2.3 (thickness 0.999 cm)
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SAMPLE B2.4 AVG WVT 0.17
A (CM2) 26.10 THICKNESS  10.33333333 AVG PERMEANCE 1.80E‐04
WEIGHT 56.36 THICKNESS  1.033333333 PERMEABILITY 1.86E‐04
WEIGHT 2 637.76
TIME (T) WEIGHT RH % TEMP (°C) Δ WEIGHT (G) G/T WVT (G/TA) S (mm Hg) R1‐R2 PERMEANCE
0 637.76 49 21.30 0.00 0.00 0.00 18.997 51 0.00E+00
0.25 637.77 41 21.30 ‐0.01 ‐0.04 ‐1.04 18.997 59 ‐9.31E‐04
0.5 637.78 44 21.30 ‐0.02 ‐0.04 ‐1.04 18.997 56 ‐9.81E‐04
0.75 637.78 44 21.30 ‐0.02 ‐0.03 ‐0.70 18.997 56 ‐6.54E‐04
1 637.77 43 21.30 ‐0.01 ‐0.01 ‐0.26 18.997 57 ‐2.41E‐04
1.5 637.78 50 21.20 ‐0.02 ‐0.01 ‐0.35 18.880 50 ‐3.69E‐04
2 637.77 50 21.60 ‐0.01 0.00 ‐0.13 19.349 50 ‐1.35E‐04
3 637.78 55 21.90 ‐0.02 ‐0.01 ‐0.17 19.729 45 ‐1.96E‐04
4 637.78 60 21.70 ‐0.02 0.00 ‐0.13 19.468 40 ‐1.68E‐04
17.5 637.71 48 21.80 0.05 0.00 0.07 19.587 52 7.32E‐05
24 637.66 49 22.10 0.10 0.00 0.11 19.970 51 1.07E‐04
48 637.51 48 21.7 0.25 0.01 0.14 19.468 52 1.34E‐04
72 637.35 53 21.3 0.41 0.01 0.15 18.997 47 1.66E‐04
96 637.14 52 21.9 0.62 0.01 0.17 19.729 48 1.78E‐04
120 636.96 52 20.6 0.80 0.01 0.17 18.197 48 1.99E‐04
144 636.80 58 20.3 0.96 0.01 0.17 17.864 42 2.32E‐04
168 636.62 53 20.3 1.14 0.01 0.18 17.864 47 2.11E‐04
192 636.49 57 20.6 1.27 0.01 0.17 18.197 43 2.21E‐04
216 636.29 45 21.3 1.47 0.01 0.18 18.997 55 1.70E‐04
240 636.03 47 22.4 1.73 0.01 0.19 20.316 53 1.75E‐04
264 635.84 50 21.4 1.92 0.01 0.19 19.113 50 1.99E‐04
288 635.63 52 21.4 2.13 0.01 0.19 19.113 48 2.10E‐04
312 635.5 55 21.4 2.26 0.01 0.19 19.113 45 2.20E‐04
336 635.27 52 21.6 2.49 0.01 0.19 19.349 48 2.08E‐04
360 635.16 55 20.9 2.60 0.01 0.19 18.536 49 2.08E‐04
384 634.99 50 22.1 2.77 0.01 0.19 19.970 50 1.89E‐04
408 634.78 48 23 2.98 0.01 0.19 21.068 51 1.77E‐04
432 634.64 56 23.4 3.12 0.01 0.19 21.583 52 1.68E‐04
456 634.49 56 22.2 3.27 0.01 0.19 20.070 53 1.76E‐04
480 634.18 49 23.4 3.58 0.01 0.19 21.583 54 1.67E‐04
504 633.97 52 22 3.79 0.01 0.20 19.870 55 1.80E‐04
528 633.75 53 22.3 4.01 0.01 0.20 20.193 56 1.75E‐04
552 633.55 46 22.5 4.21 0.01 0.20 20.441 57 1.71E‐04
Water Vapor Transmission Data B2.4 (thickness 1.034 cm)
GROUP SAMPLE
WVT 
(G/H∙M2)
AVG WVT 
(G/H∙M2)
Permeance 
(G/Pa∙S∙M2)
AVG 
Permeance 
(G/Pa∙S∙M2)
A2.1 0.35 3.46E‐04
A2.2 0.40 4.14E‐04 0.50971
A2.3 0.39 4.04E‐04
A2.4 0.35 3.66E‐04
B2.1 0.20 2.08E‐04
B2.2 0.20 2.02E‐04
B2.3 0.19 1.93E‐04
B2.4 0.17 1.80E‐04
http://www2.volstate.edu/chem/1110/Vapor_Pressure_of_Water.png
A
B
0.37
0.19
3.82E‐04
1.96E‐04
0.00E+00
5.00E‐05
1.00E‐04
1.50E‐04
2.00E‐04
2.50E‐04
3.00E‐04
3.50E‐04
4.00E‐04
4.50E‐04
A B
Average Permeance
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Bulk Volume Retention, in % after 36 and 40 cycles
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Pie Chart showing material breakdown of compounds present in sample 
particles between 25 and 38 microns im diameter.
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AppendiX J: scAnning electron 
microscopY imAges
Figure J.1: SEM image of untreated crust of sample BS.2 showing greater density 
between grain boundaries than found in core. 500x magnification. 
Figure J.2: SEM image of untreated core area of sample HOVE.BS.2 showing friable 
surfaces and lack of coating of quartz grains. 100x magnification.
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Figure J.3: Micrograph of crust/core interface of BS.2 showing locations of EDS 
analyses. Crust on left, core on right.
Figure J.5 EDS analysis of core showing higher ratio of Al to O and Si to O.
Figure J.4 EDS analysis of crust showing lower ratio of Al to O and Si to O.
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Figure J.6: SEM image of treated area of sample HOVE.BS.2 showing homogenous 
coating of quartz grains and cementing particles. 500x magnification.
Figure J.7: Micrograph of crust/core interface of treated area of sample BS.2 showing 
homogenous film coating. Crust on left, core on right.
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Range of use
Remmers KSE 300 E is preferably
used for friable, medium to coarse-
pored sandstone, certain volcanic
rock (e.g. tuff) as well as weath-
ered brick. It can also be used for
strengthening historical renders
and joints. Stone that has pro-
nounced swelling and shrinking
properties due to swelling capable
clay minerals must be treated first
with Funcosil Antihygro (Art. No.
0616) to reduce swelling. The
stone should be examined in
Remmers' laboratory.
Property profile
Remmers KSE 300 E, an elasti-
cised stone strengthener, was
developed in co-operation with Dr.
E. Wendler (Munich) and a work
group directed by Prof. Dr.
J. Grobe (Münster) within the
framework of a project called
"Protecting Stone Surfaces
through the Application of Elastic
Silicic Acid Ester" which was
sponsored by the German Federal
Environment Foundation (Os-
nabrück).
Remmers KSE 300 E differs from
conventional stone strengtheners
by a
▪ moderate E-modulus increase
(stress-strain behaviour) while
at the same time providing
▪ sufficient consolidation of the
natural stone structure.
Remmers KSE 300 E reacts with
the water or humidity stored in the
pore system. During this reaction,
amorphous and hydrous silicon
dioxide linked through soft seg-
ments is deposited as a binder.
The binder silica gel replaces the
original binder lost through weath-
ering.
The speed of the gel deposit reac-
tion is highly dependent on tem-
perature and humidity. Under nor-
mal conditions (20°C, 50% relative
humidity), the deposit of binder is
concluded after approx. three
weeks.
The most important property pa-
rameters of Remmers KSE 300 E
stone strengthener are listed in the
following:
▪ Gel deposit rate approx. 30 %
▪ Single component system –
reliable and easy to use
▪ Neutral catalyst
▪ High penetration depth, possi-
ble all the way down to the
sound core of the stone mate-
rial
▪ No by-products that damage
the building
▪ High weather resistance and
UV stability
▪ Partially strengthened natural
stone can be worked over with
Remmers Restoration Mortar.
Directions
Preliminary examination, setting up
trial areas:
The following characteristic prop-
erties of the material should be
Technical Information Sheet
Article No. 0714
KSE 300 E
Elasticised stone strengthener on a silicic acid
ethyl ester base. Gel deposit rate approx. 30%
Characteristic data of the product
Characteristic data of the product in the packaged state
Active ingredient content: approx. 50% by mass
Density at 20 °C: 0.9 g/cm³
Colour: clear, slightly yellow
Odour: typical
Catalyst system: neutral
Characteristic data of the product after application
Deposited quantity of gel: approx. 300 g/l
By-product caused by
the reaction: ethanol (escapes)
AppendiX k: product technicAl dAtA
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determined (analysis of the state of
the building):
1. Moisture content, content of
damaging salts, hygroscopic
water absorption
2. Absorbency, capillary water
absorption
3. Strength profile, depth of
weathering, degree of hygro-
scopic swelling
4. Application rate for each area,
penetration depth of the stone
strengthener, resulting strength
profile
5. Establishment of working op-
erations
6. Set-up of a representative trial
area which is necessary to see
if there will be changes in col-
our and the correlation between
laboratory results and the
quantities and values achieved
on the object.
7. Execution of treatment and
application rates should be
controlled and documented.
Preparing the substrate:
Surfaces to be restored often show
reduced absorption capacity due to
a crust of soil or different types of
"patina". The cleaning measures
necessary to restore the original
absorption behaviour should be as
gentle as possible, e.g. by spray-
ing with cold or warm water or by
steam cleaning. In case of stub-
born soil, the Rotec Low Pressure
Blasting Device should be prefera-
bly used or Remmers cleaning
products (see the respective
Technical Information Sheets).
In many cases the stone is already
so friable that cleaning cannot take
place without a sensitive loss of
substance. To avoid this, pre-
strengthening with Remmers KSE
300 E or another suitable stone
strengthener from the Remmers
KSE family can be carried out prior
to cleaning. The main strengthen-
ing measure is then carried out
after the cleaned surface has
dried.
In order to achieve complete satu-
ration of the weathered zone of the
stone with Remmers KSE 300 E,
the surface to be treated must
have reached compensation
moisture balance, be absorbent
and should not have been heated
by the sun. When strengthening is
carried out, the temperature of the
stone strengthener as well as the
temperature of the substrate and
surrounding air should range be-
tween 8 °C and 25 °C. To avoid
strong heating, use shading de-
vices. The surfaces should be
protected from sun, rain and wind
before, during and after strength-
ening.
Application procedures:
An essential prerequisite for opti-
mal strengthening is that the
weathered zone is completely
saturated all the way down to the
sound core. To achieve this,
Remmers KSE 300 E stone
strengthener is applied to the
building material in a flow coating,
dipping and/or compress proce-
dure. When using a flow coating
procedure, smaller areas (if nec-
essary, stone by stone) are
treated, wet-on-wet, with KSE
300 E until the material is no
longer absorbed. The procedure
selected for application always
depends on the task at hand.
So-called "fast hydrolysis" is not
recommended since this repre-
sents an uncontrolled influence on
the gel formation reaction and
therefore the success of the
strengthening measure.
Notes
If necessary, treatment can be
repeated 2-3 weeks after initial
treatment. In this case as well,
saturation of the complete weath-
ered zone must be achieved. The
application rate of Remmers KSE
300 E should be determined in the
laboratory during preliminary ex-
aminations and on a trial surface
and will depend not only on the
absorbency of the substrate but
also on the application procedure
selected.
Follow up treatment:
To avoid a change in the colour of
the surface caused by over-
saturation with Remmers KSE
300 E, the stone surface should be
washed off with a dry solvent (e.g.
Thinner V 101) immediately after
saturation has been achieved.
Application of stone substitu-
tion compounds, hydrophobiz-
ing impregnation agents and
coats of paint:
Surfaces that have been strength-
ened with Remmers KSE 300 E
can be worked over – after the
deposit of gel has been concluded
– with Remmers Restoration Mor-
tar, Funcosil impregnation agents
and/or products in the Remmers
Silicone Resin Paint System.
After application, the "silicic acid
ester" chemical system leads to a
temporary water repelling effect
which disappears during the
course of gel formation. If
strengthened surfaces still show
an annoying water repelling effect
when restoration mortar is subse-
quently applied, this can be sup-
pressed by wetting the surface
with alcohol.
Adjoining surfaces:
Facade elements that should not
come in contact with the impreg-
nation agent such as, e.g. win-
dows, varnished surfaces, glass
and also plants should be pro-
tected by suitable measures (e.g.
covered with plastic sheets).
Tools, cleaning
Depending on the task at hand,
e.g. low pressure spraying equip-
ment, airless equipment, hand
sprayers. Tools and equipment
must be clean and dry. After use
and before longer pauses, they
should be cleaned thoroughly with
Thinner V 101. Once the stone
strengthener has reacted, it can
only be removed mechanically.
Packaging, application rate,
shelf-life
Packaging:
5 l, 30 l and 200 l tin containers
Application rate:
The application rate of Remmers
KSE 300 E depends to a consider-
able degree on the type and state
of the substrate to be treated as
well as the task at hand and the
application technique used. The
quantity required may vary ac-
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cordingly and can range between
0.1 l/m² to several litres per m².
The rate should be determined in
the laboratory during preliminary
examination as well as on a trial
surface.
Shelf-life:
At least 12 months stored cool but
frost-free and dry in closed, origi-
nal containers. Remmers KSE
300 E reacts with humid-
ity/moisture, so close containers
air-tight each time material is re-
moved.
Safety, ecology, disposal
Further information on safety when
transporting, storing and handling
as well as disposal and ecology is
found in the latest Safety Data
Sheet.
Personal protective equipment
is required for spraying proce-
dures. Use respiratory protec-
tion with a combination filter at
least A/P2 (made by e.g. Dräger).
For suitable protective gloves,
see Safety Data Sheet. Wear
closed work clothes.
The statements above are compiled from our field of
production and according to the latest technological
developments and application techniques.
Since application and working are beyond our control, no
liability of the producer can be derived from the contents of
this information sheet. Any statements made beyond the
contents of this information must be confirmed in writing
by the producer.
In all cases, our general conditions of sale are valid.
With the publication of this Technical Information Sheet all
previous editions are no longer valid.
Remmers (UK) Limited Crawley
United Kingdom
Tel: +44(0) 845 373 0103
Fax: +44(0)845 373 0104
www.remmers.co.uk
Remmers (Far East) Pte. Ltd.
Singapore
Tel: +65 6 7410277
Fax: +65 6 7417158
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Technical Information Sheet
Funcosil®
Antihygro
Art.No. 0616
Preservative that stops swelling in natural stone which has clayey binders to reduce hygroscopic swelling.
Product base:
Alkyl ammonium compound in aqueous solution.
Property profile:
Funcosil Antihygro clearly differs in the way it works from other
stone preservatives. This is an agent that reduces the
hygroscopic swelling value of natural stone by approx. 50%
without essentially influencing water absorption and physical-
mechanical behaviour of the stone. The effect of Funcosil
Antihygro is based on blockage of swelling capable centres in
the sheet silicates (clay minerals). According to the knowledge
we have today, swelling and shrinking processes as the result
of moisture penetration and drying are seen as the primary
cause of damage in clayey sandstone, but also to some extent
in brick and tuff stone material. These swelling processes can
occur at average to high humidity. Protective treatment with
Funcosil Antihygro, especially for highly swelling capable,
clayey sandstone that has little resistance to weathering
because of hygroscopic swelling, is an imperative.
Characteristic data of the product in the packaged state:
Effective ingredient content: 0.2 mol/l
Density at 20°C: approx. 1.0 kg/l
pH value: 6  ± 1
Solvent: water
Colour: clear
Odour: barely perceptible
 Range of use:
To be used for all porous, absorbent, cementitious building
materials with a moderate to high swelling value.
Substrate conditions/Substrate pre-treatment:
A prerequisite for an optimal effect with Funcosil Antihygro is
optimal penetration of the effective ingredients. To ensure this,
the following points should be observed:
• The surface to be treated may not have been
hydrophobically treated (water repelling); for this reason, a
waiting period of 6 weeks must be observed if
strengthening with silicic acid esters has been carried out.
• Alkalinity in the area of freshly filled joints may have a
negative effect on the effectiveness of Funcosil Antihygro,
a waiting period of at least 2 weeks must be observed
after mortar consolidation measures have been carried
out.
• Before applying the preservative, dirt and pollutant crusts,
efflorescence and infestation with alga and moss must be
removed from the surface by a suitable cleaning
procedure. Cleaning opens capillaries and pores, allowing
the impregnation agent to be absorbed.
• Cleaner residue (e.g. surface-active agents) must be
thoroughly removed because it reduces penetration depth
and therefore the effectiveness of Funcosil Antihygro.
Working instructions:
Funcosil Antihygro is to be applied in a pressureless flow
coating procedure. A 30-50 cm long film of liquid on the
building material surface indicates that a sufficient amount of
material is being applied. If there is any difficulty wetting the
building material with Funcosil Antihygro, the surface can be
priorly sprayed lightly with water. During application the nozzle
should be led along the facade horizontally without interruption.
Dependent on the absorbency of the substrate, the process is
repeated several times. As a rule, two applications are
sufficient. Pressure and nozzle diameter are to be adjusted so
that misting does not occur. To avoid missing areas, limited
sections should be completely impregnated without
interruption. For smaller, more complicated surfaces that do
not allow a spray procedure, work can be carried out with a
brush or, for ornamental elements, with cellulose compresses
and/or a full saturation procedure. Freshly treated surfaces
should be protected against driving rain and strong sunlight for
at least 5 hours. For projects classified as historical
monuments, we recommend preliminary examinations and trial
surfaces. We would be pleased to give you advice.
Working temperature:
Treatment to reduce swelling can be executed at temperatures
between 10°C and 25°C. The reaction may be delayed at
working temperatures below 10°C.
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 Follow-up treatment:
Natural stone preservation can be executed in the Funcosil
System with a measure package co-ordinated to the damage
and weathering mechanism. To support the effect of Funcosil
Antihygro, it makes sense in many cases to use a stone
strengthener (Funcosil Stone Strengthener 300 and in some
cases Funcosil Stone Strengthener 100 or Funcosil Stone
Strengthener 510) and/or a hydrophobic impregnation
(Funcosil SL, SNL, WS). Coloured coating of the surface can
be carried out with the Funcosil Silicone Emulsion Paint
System. Working details and specifications of the products
named are found in the respective Technical Information
Sheets.
Tools:
All  non-corrosive, low pressure conveyor or spraying
equipment, liquid pumps and especially the Funcosil MV2
Sprayer are suitable for working.
Packaging, application rate and storing:
Packaging: 5 l and 30 l plastic canisters
Application rate:
Rush sandstone: 1.0-4.5 l/m²
Mottled sandstone: 0.3-2.5 l/m²
Tuff: 1.0-6.0 l/m²
Brick: 0.2-3.0 l/m²
The exact requirements should be determined on a sufficiently
large (1-2 m²) trial surface.
Shelf-life: At least 6 months in closed, original
containers, stored cool but frost-free.
Funcosil Antihygro reacts with oxygen, so
close containers air-tight each time material
is removed. Protect containers from strong
sunlight.
Safety, ecology, disposal:
Further information concerning safety during transport, storage
and handling as well as for disposal is found in the latest
Safety Data Sheet.
The statements above are compiled from our field of production and according to the latest technological developments and
application techniques. Since application and working are beyond our control, no liability of the producer can be derived from the
contents of this information sheet.
Any statements made beyond the contents of this information must be confirmed in writing by the producer.
In all cases, our general conditions of sale are valid.
With the publication of this Technical Information Sheet all previous editions are no longer valid.
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